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ABSTRACT 
The surface properties of a range of rutile preparations 
were studied by investigations of the deuterium exchange of 
bydroxyl groups, and in catalytic studies. Two main types 
of deuterium-hydroxyl exchange reactions were identified. 
One of these was attributed to a lattice species because its 
population of 02 x 1020 H atoms g was constant with 
respect to mass - not surface area - and the reaction was not 
observed until 723K.  However, in the presence of molecular 
water this species underwent exchange at 523K,  so that on a 
sample of rutile outgassed at 295K the exchange could not be 
distinguished from that or the surface hydroxyl species. 
The exchange of surface species indicated that there was 
only one site for the dissociative adsorption of water. 
Eleven rutile preparations were studied for their 
activity towards but-l-ene isomerisation, and the reaction 
on the least active preparation was slower than that on the 
most active by a. factor of lOu, at 423K. 	Some of the 
preparations were unusually inactive owing to the presence 
of sulphate impurity. A sulphate-free preparation could be 
activated by outgassing at 423K  and this, together with the 
observed catalyst poisoning by water, ammonia, ethylene 
diamirie, pyridine and hydrogen cyanide indicated that the 
active site was a surface titanium ion, which under 
atmospheric conditions held co-ordinatively bound water. 
Adsorbed hydrogen chloride and chlorine activated rutile 
so that but-l-ene isomerisation occurred rapidly at 295K. 
The initial product ratio was not changed by the adsorption 
at low coverages of any of the reagents, which confirmed 
that there was only one type of active site and that hydrogen 
chloride and chlorine activated the catalyst by increasing 
the Lewis acidity of the titanium ion. 	The isoinerisation 
reactions of the but-2-enes, the dimethylbutenes and the 
alkylcyclopropanes on rut ile were shown to occur at the 
same type of site as but-l-ene. 	The reactions were fully 
accounted for by a mechanism involving the Interaction of 
a primary carbon atom with the titanium Ion. 
SYMBOLS AND THEIR MEANINGS 
A 	surface area 
a 	hydroxyl concentration (general term) 
b 	surface hydroxyl population 
b 	mass spectrometer sensitivity factor for hydrogen 
deuteride 
d 	percentage of deuterium counted as atoms 
h 	peak height of mass spectrometric analyses 
k 	absolute rate 
k I 	first order rate constant 
any specified rate constant 
1 	fraction of surface hydroxyl groups containing 
H atoms, as opposed to D atoms 
N 	number of molecules 
NA 	Avogadros number 
P pressure 
R 	ideal gas constant 
r 	initial rate of reaction 
T 	temperature 
t 	time 
X 	mass of g58 adsorbed 
x 	percentage concentration of any specified reactant 
y 	percentage concentration of any specified product 
z 	factor to convert pressure measurements at 
standard temperature and volume to a number of 
molecules 
number of deuterium atoms in 100 molecules 
SUBSCRIPTS AND THEIR MEAN INGS 
of deuterium 
e at equilibrium 
of hydrogen 
RD of hydrogen deuteride 
I initially 
0 at zero of time 
of saturated vapour,  
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CHAPTER 1 
A LITERATURE S URVEYQF THE PROPE 	OF TITANIUM DIOXI 
14 BULK PROPERTIES 
1.1.1 CRYSTAL STRUCTURE 
Titanium dioxide exists in three crystallographic forms: 
rutile, anatase and brookite. 	Brookite is the least common 
form. Rut ile is favoured thermodynamically at high tempera-
tures but the stability of anatase is increased by the 
presence of certain anions (1). 	The structures of rutile 
and anatase are shown in figures l.la and b, respectively. 
The diagram of rutile is after von Hippel et al. (2), who 
quote the lattice constants for the unit cell as, a = 04594 
and c = 02959 nm; those of anatase are, a = 03785 and 
o = 0 95 14 nm. 	In all three structures the octahedral 
arrangement of oxygen ions about titanium is irregular. 
There is one other common oxide of titanium, the 
sesquloxide, Ti203 , which is dark violet in colour owing 
to the energy transition of the one d-electron of the T13+ 
ion. Titanium dioxide has no d-electrons and is white. 
Titanium dioxide is not truly ionic, but calculations 
of the extent of ionic character vary. 	Using Paulings 
electronegativity values, Boehm (3) calculated that the Ti-O 
bond has 63% ionic character, and this compares with the 
value of 50% for the Si-O bond. 	However, Grant (Li.) quotes 
a value of 43% Ionic character for the Ti-O bond in rutile, 
calculated by the formula of Hannay and Smyth. This value 














fiuie 1.1, (a) unit call 
Kalnajs and ..estphal (2) 
(b) unit cell 
of rutile, after von Hippel, 
of anatase 
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A recent spectroscopic study by Weitner et al. (5) of 
titanium oxide molecules set in inert lattices, provided data 
about bond vibrations and the Tb 2 bond angle. The nature of 
the Ti02 molecular vibrations were shown to bear similarities 
to those of Tb02 and Zr02 molecules. 
1.1.2 DEFECT STRUCTURE 
Although the crystal structure of a solid is of fundament 
importance when examining its properties, these are often domin 
ated by defects within the lattice. Mechanical strength, semi 
conductivity and chemical reactivity are just three properties 
which are critically dependent on the defect structure. The 
investigations of titanium dioxide have been interpreted in 
terms of interstitial T13+  defects or as anion vacancies. Ther 
seems to be little reason to suppose that both defects are not 
present but most authors have interpreted their results in 
terms of one or the other. 	In addition, the presence of an 
Internal, hydrogenbc species has been Identified using a variet; 
of techniques. The following is a brief outline of the 
studies that have been made. 
Rut tie is typically a white powder but depending on the 
environment in which it is held extensive non-stoichiometry 
can be produced and the colour may vary from blue-black to 
light yellow. 	Brauer and Littke (6) suggested that this was 
due to F centres resulting from loss of oxygen. They found 
that the solid became blue-black for the stoichiometry TiO1 
975 
but TbO2000 maintained at 2143K in 1 atmosphere of oxygen was 
light yellow. From Infrared absorption studies, Cronemeyer (7 
proposed that oxygen vacancies trap electrons at energy levels 
Of 035 and 0•78 eV relative to the Fermi level, and with the 
valence band at -1'53 eV. 1 This corresponds to a band gap 
Of 306 eV and Cronemeyer supported his calculations by con-
ductivity measurements on single crystals (9) which indicated 
the band gap to be 305 eV. 
Because of the importance of semiconductors, many con-
ductivity measurements have been made of rutile preparations. 
Depending on the state of reduction the resistivity of rutile 
varies from l0 to 10 ohm-meters at room temperature (10). 
Earle (11) found that conductivity was dependent on oxygen 
pressure and Hall measurements indicated that n-type semicon-
ductivity prevailed. 	Other conductivity studies were carried 
out by Breckenridge and Holser (12) who chose to explain their 
results, not in terms of electrons trapped in anion vacancies 
as Cronemeyer had done (9), but as the reduced valency of an 
otherwise normal lattice titanium ion. This was thought to 
be plausible since titanium forms a whole range of oxides in 
which at one extreme the titanium of T1203 is made up wholly 
of T13 ions, and at the other Ti02 is made up of Ti 	ions (13). 
One of the advantages of the F centre and the lattice 
T13+ interpretations is that such defects are well known for 
producing colour changes of the type described at the beginning 
1. For this and future discussion, the reader is referred to 
figure 1.2 for a schematic representation after Schultz (8) 
of electron positions in a molecule of Tb 2 and in the 
crystal. 
figure 1.2, schematic diagram of the energy levels in the 
Ti0 2 molecule end the ruti:Le crystal, after Schultz (8) 
Part of rutile lattice showing the 	 Parrof rutile lattice showing the 
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of this section, but it has been proposed b- Eurlen (lLi.) that 
interstitial T13+ ions should produce similar colour changes. 
Frederikse (15) identified the existence of T1 3 ions in 
titanium dioxide by electron paramagnetic resonance (e.p.r.) 
studies. 	After studying preparations which had been sub- 
jected to mild reduction, he considered an interpretation of 
the e.p.r. spectra in terms of lattice T13+  ions plus oxygen 
vacancies, but preferred an interpretation which assumed the 
T13+ ions to be an interstitial species. 	The e.p.r. studies 
of Chester (16) on reduced rutile led the author to postulate 
the existence of one or all of the following, 
an interstitial T13 species, 
T13+ ions on sites perturbed by 02- vacancies, and 
an unidentified centre arising ñ'om hydrogen in-
corporated into the lattice. 
In contrast to the interpretation based on conductivity measure 
ments by Cronemeyer (above), both Chester and Frederikse 
further considered the possibility of a polaron electron 
energy band  to account for the results of conductivity 
measurements. Frederikee considered that room-temperature 
conduction was due to free electrons excited to the con-
duction band from polaron states associated with P13  ions. 
Some of the strongest evidence for the existence of 
interstitial T13+  ions has come from e.p.r. studies on doped 
rutiles. Gerpitae (17) has reviewed this work, and has 
1 Pp1ar.ons are electrons trapped on interstitial titanium 
jona by be-If -polar isation of the surrounding lattice. 
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identified four interstitial lattice positions in rutile, which 
are shown in figure 1.3. All of the titanium ions, S., 2 
and others not marked, see the same environment, and some im- 
purities in rut lie may be present at these positions. The 
four interstitial positions marked are equivalent and impurity 
3 Ti +  and Nb ions probably occupy these sites. 	Gerrltaen 
suggested that doped Cr3 ions do not occupy the interstitial 
positions and that they are accompanied by an oxygen vacancy, 
or 0. 	Johnson (16) concluded that the brown colour of 
samples doped with chromium was due to a high charge on this 
ion, and this was supported by studies of aluminium doped 
samples. 	The aluminium ion necessarily has a charge of 3+ 
and, as would be expected, aluminium doped rut lie had lower 
conductivity than the pure material. However, chromium 
doped rutiles had higher conductivity, indicating a charge of 
5+ or 6+ on the chromium Ion. The most marked change in con-
ductivity observed by Johnson occurred with the addition of 
10 mol. % of Nb 205 , which increased the specific conductance 
from 60 x lO ' ohm-mu to 33 x 103  ohm-m- 1 . and It increased 
further with increasing temperature. The addition of 
chromia to a niobia doped rutila lowered the conductivity 
and showed that in competition with niobium the chromium was 
present as Cr3+. It seems likely therefore that chromium 
doped into rutile has a variable valency. Gerritsen (17) 
drew the same conclusion for other ions. And in agreement 
with the results mentioned above, Hauffe (19) found that the 
addition of chromium increased the conductivity of rutile. 
Figure 1 .4 shows the dependence on oxygen pressure of the con-
ductivity of titanium dioxide doped with 1 mol. % of chroinia. 
There is a transition between n-type and p-type conductivity 
depending on the fractional concentration of donor and acceptor 
defects (x- and x+ in the diagram). 
In a review by Cichowski (20) the conductivity studies 
of Teichner et al. on anatase powders were examined, and it was 
shown that the material has certain properties which differ 
from rutile. 	Treatment of anatase under vacuum at 773 K (re- 
ducing conditions) produced n-type semiconductivity but in an 
oxygen atmosphere, p-type semiconductivity was exhibited. Thi 
behaviour is similar to that of the chromia doped rutile studio 
by Hauffe (19), figure 1.4. 	Cichowakl made a detailed study 
of anatase powder by the methods of thermally stimulated curr- 
ents and the photoelectric effect (20). 	He showed that the 
defect structure was critically dependent on sample pre-
treatment, such that outgassing at 480 K produced different 
defects to a treatment with hydrogen. Re-oxidation intro-
duced more, and possibly different, defects. 
Most of the lattice defect studies described above were 
interpreted only In terms of interstitial titanium ions or 
oxygen vacancies, and only in the e.p.r. studies of Chester 
(16) was the existence of internal hydrogen suggested. How-
ever many authors, using a variety of techniques, have iden-
tified hydrogenic species internal to ruti].e. 	Harwood (21) 
observed changes in the conductivity of rutile single crystals 
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hydrogen obu]4 readily be introduced or removed from the 
lattice at 1123 K using water, or hydrogen itself, as the 
source. The species did not take part directly in the con-
duction process but its presence was thought to lead to the 
formation of a corresponding number of Ti3+  ions and, if so, 
to electronic conduction by means of a Ti-Ti hopping 
mechanism. The author calculated the concentration of hydro-
gen atoms introduced by exposure of a fresh crystal to damp 
air to be of the order - 6 parts per million. 	Softer (22) 
carried out an early, but comprehensive Infrared absorption 
study of rutile single crystals and observed bydroxyl species 
which he could not exchange with deuterium and which he con- 
cluded were part of the bulk lattice. 	From a consideration 
of the relationship between the change of the dipole moment 
with the normal co-ordinate, he calculated there to be 3'5 x 
1016 OH g-1 , which is comparable to the value identified by 
Harwoo4. 	In a later study from the same laboratory von 
Hippel et al. (2) reviewed the previous work on the presence 
of hydrogenic species In rutile, and reported a further study 
in which they observed that the internal hydroxyl band dis-
appeared from the i.r. spectrum after evacuation of single 
crystals at 1073 K, and that It could be exchanged by both 
deuterium and deuterium oxide. 	In order to determine the 
site of the hydrogenic species, the authors calculated the 
0-0 distance of the competing oxygen ions which gave rise to 
the observed shift of the stretching vibration and they ob- 
tained a value of 0275 nui. 	The 0-0 distance for the lattice 
ME 
is 0'278 rim, but there are two possible sites depending on the 
P1-0 distances associated with the oxygen ions. 	Consequently 
two environments were identified, corresponding to the two 
peaks observed in the spectrum. Since spurious amounts of 
hydrogen or water would give rise to the hydroxyl bands, it 
was concluded that rutile was an excellent scavenger of 
hydrogen. The authors put forward the following equilibria 
to account for the migration of protons into the rutile 
crystal, 
2(g)on surface=:: + 2ejt0 rutile 
in rutile 	in rutile 
H2(g) + 0
2 
neutralised in crystal = 1120 (g) + 
	+ 2e 
+ e = 
V 	 V 
At + e = A 
V 	 V 
where A v is an anion vacancy. 
Internal hydrogen has similarly been identified in 
rutile powders. 	Parfitt, Ramsbotham and Rochester (23) and 
Jones and Hockey (24) observed an hydroxyl absorption band In 
the i.r. spectrum which did not shift when the sample was 
exchanged with deuterium. Because of the Increased intensity 
of this band after a sample had stood for three months, Jones 
and Hockey suggested the hydroxyl species resulted from 
occlusion during aggregation of the powder. However, this 
process Is incompatible with that just described for single 
crystals, and If the two processes do occur, then the result-
ing hydroxyl groups are fundamentally different species: the 
I 
one being in a state of thermodynamic equilibrium with the 
crystal, the other being trapped and held by kinetic control. 
There is evidence for internal hydroxyl groups In silica 
since they are not observed to exchange with deuterium oxide 
at room temperature (Young (25) and Kiselev et al. (26)). 
And from studies of the kinetics of water adsorption on 
silica fibres (27) Doremus concluded that internal hydroxyl 
groups were being produced in pairs in a layer about 15 nm 
thick at the silica surface. The Internal hydroxyl groups 
had an i.r. absorption band at 3650 cm-  (26) and their con-
centration in silica powders was found to depend on the dis-
persity and the history of the preparation. However, for 
a fresh preparation of silica the population was nearly con-
stant at Lj. x 1020H g 1 , up to an outgassing temperature of 
750 K. 
.2 SURFACE STRUCTURE 
1.2.1 CLEAVAGE PLANES WITH LOW 21ILLER INDICES 
98% of the external surface of freshly prepared rutile 
crystals Is composed of the three planes, (110), (101) and 
(100), in the relative proportions, 60%, 20% and 20%, respec-
tively (28). 	Jackson has shown by electron microscope studies 
that rutile powders of the approximate crystal size, 250 nm, 
have a morphological resemblance to massive rutile crystals. 
Using this evidence, Jones and Hockey (29) put forward a model 
for the surface structure of rutile powders and their schematic 
diagrams for the three major crystal planes are given in 
10 
figures 1.5a, b, and c. 	The (110) cleavage, figure 1.5a, has  
two surface titanium sites A and B which fall into two rows. 
Row A ions are situated in a square pyramid of oxygen ions 
with the base in the plane of the surface. 	Row B titanium 
ions are octahedrally co-ordinated to oxygen Ions - two of 
these suprafacial and another two subfacial to the crystal 
plane. The surface dimensions quoted by the authors are 
A-A = B-B = 09296 nm and A-B = 0036 nm. There are equal 
numbers of A and B Ions on this surface, giving 102 Ti per 
The (101) and (100) cleavage planes, figures 1.5b and 
c, respectively, each have only one type of titanium Ion, 
located in a square pyramid of oxygen ions; with the pyramids 
oriented at different angles to the surface, for each plane. 
There are 79 and 74 Ti per nm2 in the (100) and (101) planes. 
The model of Jones and Hockey is based on surface planes 
so constructed as to have the lowest enthalpy in each case; 
but it must be remembered when using this model that the 
surface free energy requires a degree of disorder within 
these structures. 
1.2.2 TITANIUM DIOXIDE PLUS THE ELENTS OF WATER 
1.2.  2.1 ADSORPTION STUDIES 
A number of studies have been made in recent years 
which have made a valuable contribution to the understanding 
of the surfac.e of rutile. 	These papers are reviewed in 
I. In this thesis the chemical symbol is used in units of 
surface coverage to represent a number of atoms or mole-
cules per nm2. 
F 
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figure 1.5 9  plan views of the cleavage planes of rutile 
the (i IC) plane - there are 10.2 Ti per rim 
2 
) 
the (iO) plane —there are 7.9 Ti per nrn 
the ( ICC) olne - there a: 	7 • i ? i !:er rim 
(A, the plan vir; and. , the elevation alonr the 
c-axis) 
after Hochey and Jones (29) 
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this section and the two sections that follow. 
From studies of the adsorption of water on rutile, 
Hollabaugh and Chessick (30) proposed a model for the surface 
based on the average bulk Ti-0 bond distance of 0195'nm. 
Consequently there were 6'6 Ti per nm2 . 	Assuming the surface 
to be fully hydroxylated under normal atmospheric conditions, 
the authors proposed that evacuation at room temperature 
removed all physically adsorbed water, while at higher temper-
atures neighbouring hydroxyl groups condensed in a random 
manner with the elimination of water, leaving strained Ti-O-Ti 
linkages. Thus at 723 K only isolated hydroxyl groups re- 
mained on the surface. 	Experimentally, their results were 
not in very good agreement with this model. Physisorption of 
water on a surface outgassed at 363 K gave a monolayer cover- 
age of 425 H 2 0 per nm2 . 	It, as they suggested, the water 
molecules were localised over neighbouring pairs of surface 
hydroxyl groups, there were 85 OH per nm 2 , but this figure 
is larger than the value of 6'6 predicted by the authors from 
their model. 	Using this data as the basis of a calculation 
of the residual hydroxyl population after outgassing at 723 K, 
they determined a coverage of 37 OH per nm2 . This is also 
higher than the value predicted by their model. 	F'orri a 
theoretical study of the random condensation of neighbouring 
hydroxyl pairs on alumina, Per! (31) found that a total of 
92% of the hydroxyl groups were removed, and, if a similar 
proportion was removed from the surface of rutile, the 
residual population would be only 07 OH per nm2. 
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A detailed examination of the shape of the adsorption 
Isotherms was made by Dawson (32) for samples of rutile out-
gassed at 523K. 	He particularly studied the occurrence of 
two linear portions in the isotherms of low surface area pre-
parations ( ( 50 mg) and of large and reproducible dis-
continuities in the isotherms of a high surface area prepara-
tion. Dawson explained the observations as the result of 
localised adsorption; at low vapour pressures the molecules 
formed a surface film by adsorbing in the most stable mode, 
but at a sufficiently high vapour pressure the film collapsed 
and the water molecules rearranged to give closer packing. 
The difference in the Isotherms measured for high and low 
surface area rutiles was attributed to the postulated pre- 
dominance of (110) planes on the high surface aroa preparation, 
and of the (100) planes on the low surfacz area preparations. 
As will be seen from Investigations described later in this 
survey, the assumption by Dawson, that the surface outgassed 
at 523K retains all of the hydroxyl groups plus some physi-
sorbed water, is open to question, but this does not alter 
the conclusion that the observed variations In the isotherms 
must he due to differences in the surface structures of the 
preparations. Dawson had based his model of the surface on 
the heat of immersion studies of Wade and Haokermann (33) 
for the titanium dioxide-water system. These authors showed 
that the maximum heat of immersion was produced by outgassing 
in the region 570-620K. 	It was concluded that above 623K 
the surface lost not only physisorbed water but also chemi- 
sorbed water, and that the dehydroxylated surface did not rehy -
droxylate in the short time scale of the experiments. 
The two different modes of water adsorption, identified 
by Dawsoi, were also observed by Day and Parfitt (34) and by 
Gonzalez and Munuera (35). Day and Parfitt also carried 
out a t-plot analysis, with nitrogen as the adsorbent. Micro-
porous structure was detected to the extent that a preparation 
of outer surface area 22'6 m2g had a total area > 296 
and the mlcroporos had widths in the region of 07 nm. The 
rutile preparation used by Day and Parfitt was derived from 
titanium tetrachloride and their results were supported by 
other work (36) on rutile prepared in a similar manner. 
Gonzalez and Munuera (35) carried out a t-plot analysis of 
rutile with a B.E.T. surface area of 4v2 m2g and found that 
10% of the area was due to pores with an average diameter of 
2'9 nm. (Rut lie does not always contain pore structure, how-
ever. 	In at least one study (37) pore structure was tested 
for, but not found.). 	Day and Parfitt concluded that the 
observed increase In surface area, with increasing outgassing 
temperatures, was the result of progressive removal of water 
molecules from the mioropores. Though not conclusive, their 
results Indicated that water had not dissociated to form hydr-
oxyl groups when it adsorbed at room temperature on a sample 
outgassed at 723K. 
1.2.2.2 STUDIES WITH INFRARED SPECTROSCOPY 
Infrared spectroscopy has revealed much information in 
recent years about the surface of rutile. 	In order to 
oil 
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correlate the many studies that have been made, typical spect 
of each group of workers have been brought together in figure 
1.6a, b, c, d and e, and the identification of absorption 
bands with surface species are given, complete, in table 1.1, 
and, in summary, in table 1.2. 	Only the main points will 
be discussed in the following section. 
Lewis and Parfitt (38) proposed that the 3690 and 
3660 cm absorption bands observed after outgassing titanium 
dioxide at 673K, figure 1.6b, were equivalent to the single, 
low resolution band at 3680 cm, observed by Yates (39), 
figure 1.6a. 	The three bands, 3660, 3690 and 3740 cm, 
were thought to represent different hydroxyl species, and 
the authors suggested that two hydroxyl groups could occur 
on a titanium ion (i.e. a geminal site) in the (100), and 
in the (101) planes. 	A 723K outgassed surface retained only 
isolated hydroxyl groups with a stretching frequency of 
3740  cm- I , but this was later recognised to be an Si-OH 
impurity species (40)(41). 	In the same study the results of 
thermogravimetric measurements were reported. A low temper-
ature desorption peak, 320-720K, was ascribed to the loss of 
strongly physisorbed, isolated, water molecules, and to 
water molecules formed by hydroxyl group condensation. A 
desorption peak at 820-1070K was attributed to the loss of 
isolated hydroxyl groups, but the authors ignored the de-
sorption of chlorine impurity, which could make a significant 
contribution to the high temperature peak. 
figure 1.5, infra:'--d arsorption spec ta of tue surface of 
titanium dioxide 
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fiiure 1.6, continued 
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(e) (i)chlorine contaminated rutile after evacuation at 
ambient beam terroerature (BT) for iL.h a; after evacuation 
for lh at 7K b; 473K c; 571 d; and 6773K e 
(ii ) a very pure rutile pi'eparation, after evacuation 
t JT for iLh a; after evcuat!on fcr 3C :in at37"- :-a 	b; 
c; 5L-3K d;. 59bK a; and 67iK ; after Jones and Hockey 
(au) 
Table 1.1 	The identification of surface species on rutile by i.r. spectroscopy 
Author and Sample area Outgassing Absorption Identification by the 
Reference and major temperature, bands authors 
impurity 
(cm- 
1  F  
Yates 185 m; 423 3680 vOH 
(39) ammonia 3450-  3150 hydrogen bonded vibrations 
1610 60T-IofH0 
1420 possibly 	surface carbonate 
623 3680 OH 
3320 NH 
2 
Lewis and 28 m2g1; 473 3660 
Parfitt chlorine 3350 
(38) (008%) 1440 and 1)400 possibly surface carbonate 
1270 
673 3740 OH 	(later identified as 	- 
SiOH) 
3690 and 3660 geminal OH on the 	(100) 
and/or 	(101) planes 
1270 unidentified 
Jackson and 	2L. m 2  g 	Outgassing 	3730 	 Si-OH 
Parfitt 	 temperatures 3700 vOH, bridged 
(Lo) 	 between 	3690 	 '..OH, 	bridged and hydrogen 
373 - 573 bonded 
3670. 	OH, terminal 
3615 H 2 0  
2 
3420 and 3350 \OH, 	terminal and hydrogen 
bonded 
1620 	 H2O 
1324, 	12L0 	ÔOH 
and 1190 
Primet, - peaks removed 
Pichat and at, 
Mathieu 673 3685 'OH, 	terminal 	and 	isolated 
0-12) 623 3655 OH, 	terminal and hydrogen 
bonded 
473 - 523 3410 vOH, terminal and hydrogen 
bonded 
373 3630 H 2  0 







between 3650 OH, terminal on 	(110) 	plane ppm) 3610 H2O on 	(101) plane 
3550 H 2 0 on 	(100) plane 
3410 vOH, bridged on 	(110) plane 
1610 H 
2 
 0 on 	(100) plane 
= stretching mode 	 6 = bending mode 
Table 1.2 The three strong hydroxyl absorption bands on rutile and the 
interpretations placed upon them. 
Primet 	et al. 	(42) - Parfitt et 	al. 	(40) Hockey et al. 	(29) 
A 	 - 
	
36o5 cm 	; 3700 cm-1 ; 
-1 3680 cm 	; 
\)OH, terminal and vOH, bridged and isolated H 2 
 0 on the 	(101) plane 
isolated on the 	(110) on the 	(110) plane 
plane 
3655 cm 	; 3670 cm 	; 3650 cm 	; 
vOH, terminal and hydrogen vOH, terminal and isolated 'vOH, terminal and 
bonded on the 	(110) plane on the 	(110) plane isolated on the 	(110) 
plane 
3410  cm 1 ; 3420 cm 1 ; 3410 cm; 
0H, terminal and hydrogen OH, terminal and hydrogen vOH, bridged and 
bonded on 	the 	(110) plane bonded on the 	(110) plane isolated, attached to 
five-fold co-ordinated 
Ti on the 	(110) plane 
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Jackson and Part itt carried out a more extensive 
study (40), figure 1.6c. 	On rutile purified of its chloride 
Impurity, they identified two hydroxyl species, a bridged 
hydroxyl group (figure 1.7) absorbing at 3700 cm and a 
terminal hydroxyl absorbing at 3670 cm". Bands at 3690 
and 7420 cm were postulated to be the hydrogen bonded 
ahsorpt ions for these groups. But in contrast to Lewis and 
Part itt (38), the (110) plane was adopted as a model for the 
surface and the bridged hydroxyl was thought to result from 
the addition of a proton to an oxygen ion. Furthermore the 
bridged species, which absorbed at 3700 cm 1 and which per-
slated on a 673K  outgassed sample, was considered to be the 
most thrmally stable. 	Readsorption of water on to such a 
sample occurred dissoclatively at room temperature, returning 
hydroxyl bands at 3730, 3690 and 3660 cm'. 	The bridged 
hydroxyl species at 3700 cm * interacted only weakly with 
physisorbed water, indicating steric hindrance to hydrogen 
bonding and possibly a less basic character than that of the 
terminal hydroxyl groups. Primet, Pichat and Mathieu (42) 
detected three absorption bands at 3685, 3655 and 3410 cm, 
figure 1.6d. 	Using the (110) cleavage plane as a model for 
the surface (a representation of their model Is given in 
figure 1.8) they identified an Isolated hydroxyl group at site 
(1) with the 3685 cm absorption band. 	This assignment was 
based on analyses of spectra obtained for other oxides, and 
was suppor',ted by the thermal stability of the species - It 








figure 1.7,cros-section of ru 
plane after cleavage (a),after 
and after disscoiation to fcrm 
Tackson and Parfitt (Lifl) 
tile crystal showing the (110) 
water molecules adsorbed (b), 
hydroxyl p:roups (c), after 
(J OXYGEN ATOM 
0 TITANIUM ATOM 	2.801 
2.96 
•' PLANE ItO 	 PLANE 001 
rutile 	 anatase 
figure 1.8, diagrams of rutile and anatase showin the 
m terinal andirided positions, after Primet et al. (L2) 
figure 1.9, 
011--OH 
TiOTi± >  1110 +—T.I 	(sites I) 
(a)condensation of adjacent terminal hydroxyl groups to 
yield sites 1 
OH OH 	 0 
1/ 1/ 1/ 1/ 
—Ti-----.Ti— - H 10 + —Ti------Ti- 
(b) conensation of iscThted er;inl .hydro;:y]. :oups to 
yjeld ineoripleti.y co-ordinitcd titanium atoms (sites 2) 
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frequency and the surface structure showed that this hydroxyl 
should be more protonic than the corresponding one for 
anatase. 	The absorption bands at 3655 and 34.10  em-1, were 
attributed to hydrogen bonded hydroxyl groups also at sites 
(1), and spaced at 0296 and 0'253 nm. Kiselev and Uvarov 
(13) made a similar identification, and in addition noted the 
formation of a 3400 cm absorption on partially dehydroxy-
).ated titanias. 
Pritnet et a].. (2) :.found that at room temperature all 
of the hydroxyl groups were exchanged by deuterium oxide. 
With deuterium, however, the formation of deuteroxyl groups 
Sias not observed below 373K and exchange of hydroxyl species 
was not detected below 423K, but at this temperature all of 
the hydroxyl species appeared to exchange at the same rate. 
Only a partial rehydroxylation of a sample evacuated at 673K 
was observed at room temperature, and repeated dehydroxylation 
-réhydroxylat ion reduced the extent of dissociative adsorption 
so that none was detected after ten cycles. This process 
could be explained on the authors' model, 	since dehydroxy- 
lation by condensation of adjacent hydroxyl groups would lead 
to the reversible production of Ti-0-Ti sites, figure 1.9, 
but, during each cycle, surface migration of hydroxyl groups 
would establish hydroxyl groups at site (2) positions. 	Con- 
densation of adjacent site (2) hydroxyl groups is irreversible 
and would lead to the formation of incompletely co-ordinated 
titanium sites. The production of such sites was confirmed 
by the adsorption of perylene as a cationic species. 
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The most extensive attempt to relate i.r. absorption 
bands to surface hydroxyl species is that of Jones and Hockey 
(24)(29), and it was based on their model of the surface, 
which was outlined in section 1.2.1 of this thesis. 	They 
studied two rutile preparations, one containing 05% chloride 
impurity and another, a very pure preparation, derived from 
titanium tetraisopropoxide. 	The chlorine contaminated sample 
was found to retain a large amount of water at low temper-
atures, circa 320K, but no hydroxyl absorption bands were 
detected following dehydroxylation at 673K,  figure 1.6e(i). 
All of the hydroxyl groups were exchanged to their deutroxy1 
analogues by deuterium oxide at 320K. However this same 
preparation, after storage for four months contained hydroxyl 
groups which could not be exchanged with deuterium oxide. 
This species.was identified with internal hydroxyl groups. 
The proposed explanation was that the hydroxyl groups 
were trapped during aggregation of the powders under storage. 
A similar conclusion has also been drawn by Ramsbotham, 
Rochester and Parfitt (23). However, internal hydroxyl group 
have also been identified in single crystals of rut lie when 
this interpretation could not apply. (These studies are de- 
scribed In section 1.1.2). The very pure sample of rutile 
retained the hydroxyl species after outgassing at 623K and 
all of its hydroxyl groups were exchangeable with deuterium 
oxide. 
The facility of hydroxyl removal from the first pre- 
paration was attributed to its chlorine content: 
Cljnterio + 2 Ti(OH)surface  673K 
m4(X)+01 	+ TiO2 	+H 0 surface 	surface 	2 adsorbed 
And consideration of the thermal stability of the hydroxyl 
groups on the surface planes of the authors' model led them 
to identify the absorption bands with the hydroxyl and mole-
cular species indicated in table 1.1. 
To summarise these Investigations, Primet et al, (42) 
and Parfitt et al. (40) based their work on the same, re-
latively simple, model for the surface sites (figures 1.8 and 
1.7). 	Primet et al. explained the spectra solely on the 
basis of the terminal hydroxyl absorption band and its hydroge 
bonded forms (figure 1.8, site (1), or the terminal hydroxyl 
In figure 1.7). 	The bridged hydroxyl was postulated to 
occur only at high temperature, but on formation the bridge 
would subsequently break to give a five-fold co-ordinated 
titanium ion, figure 1.9. 	Parfltt et al. also explained 
their spectra on the basis of hydrogen bonding within the 
(110) plane, but with respect to both the terminal and the 
bridged positions. 	The two Interpretations would be effec- 
tively the same if the band identified as the bridged species 
by Parfitt et al. was weak and thermally unstable. However, 
it was comparable In intensity to that identified with the 
terminal hydroxyl group, and after outgassing at 673K, the 
bridged species was considered (40) to have the highest 
concentration. 	Jones and Hockey (29) largely dismissed the 
importance of hydrogen bonding in the spectra and considered 
the presence of species on the (100) and (101) planes in 
addition to those on the (110) plane. 	In agreement with 
Primot et al., they considered that the formation of a 
bridged species would be followed by dissociation to give a 
terminal hydroxyl group on a five-fold co-ordinated titanium 
ion. 
The identification of the three main absorption bands 
by these authors is summarised in table 1.2. 	The identifi- 
cation by Jones and Hockey (29) of the 3680 cm- 1 absorption 
as molecular water Is doubtful since this band is still preset 
after outgassing at 600K. 	Parfitt et al. (40) identified a 
bridged species as the most thermally stable hydroxyl, but 
one would expect this to be the least stable since it would bE 
strongly protonic. The paper by Primet, Pichat and Mathieu 
(42) offers the best interpretation, especially since It 
received confirmation from the studies of perylene adsorption 
1.2.2.3 SURFACE REACTIONS, AND THE TEMPERATURE PROGRAMME 
DESORPTION TECHNIQUE 
Jackson and Parfltt (144) followed the deuterium Ox-
change of the hydroxyl groups of rut lie using the technique 
of infrared (i.,.) spectroscopy. 	After outgassing a sample 
of rut lie at 473K, they found that exchange with deuterium 
at the same temperature was incomplete after 17 hours, and it 
was not possible to distinguish a difference in the rate of 
disappearance of any of the hydroxyl absorption bands. On 
a sample outgaased at 523K, exchange at this temperature was 
complete in two hours. The exchange reaction with deuterium 
20 
oxide on a sample outgassed at 373K  was rapid at this temper- 
-1 ature but the band at 3350 cm remained unaltered. This 
latter Species was exchanged only with difficulty below a 
reaction temperature of 673K,  and it was thought to be due to 
surface hydroxyl groups in microporea or at points of inter-
particulate contact. 	The authors retained their identificatior 
of two distinct surface hydroxyl species (40) though the 
observation of only one rate of exchange common to all 
absorption bands was more in keeping with the model of Primet 
et a]., (42). 
Adsorption-desorption experiments of water on rutile 
were carried out by Morimoto, Nagao and Tokuda (37). Their 
preparation of rutile was derived from titanium sulphate and, 
in contrast to other studies (described in section 1.2.2.1) no 
pore structure could be detected. 	In the desorption ex- 
periments, careful attention was paid to the evolution of 
gases other than water. 	It was shown that the number of 
sites per unit area for physical adsorption was independent 
of the pretreatment temperature of the preparation. 	Close 
packing of water molecules permits a monolayer of 9'2 1120  per 
nm2 , but the physically adsorbed monolayer, Vp in table 1.3, 
corresponded to only half of this number. Also in table 1.3 
are given the authors values of the number of hydroxyl groups 
in one ohemisorbed monolayer, Vc, and the number of residual 
hycFroxyl groups, Vb . Vc + Vh represents the total number of 
hydroxyl groups in the monolayer at the end of an experiment, 









V9 . (V0 + Vs). 
V,,, liiO V0 . Vb. V0 + Vb. 11,0 
ml (STP)/ molecules/ OH groups/ OH group/ OH RroUpO/ molecules/ 
m'/g to' ioo A. 100 At 100 AN 100 A' OH group. 
9.04 0.213 4.30 5.91 1.65 7.56 0.57 
9.38 0.233 4.14 6.35 0.10 6.45 0.64 
4.60 0.231 4.51 6.76 0.01 6.77 0.67 
table 1.3, the relation between the amounts of water 
chemisorbed and ph.ysieorbed on rutile; after Morimoto, 
Nagao and Tokud.a (37); 
V  f monolayer capacity calculated from a first 
adsorption isotherm on rutile, 
vPv physisorbed water determined after the first adsorp-
tion by outgassing the sample at room temperature 
and carrying out a second adsorption, 
chemisorbed water determined from V_V p 
amount of water remaining on the surface after the 
initial outgassing, 
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7 OH per nm2 ) than the value of 5 OH per nm2 determined by 
other workers (35)(15), 	The plot of surface water content 
against temperature is given in figure 1.10. 
Evidence was found of the reduced hydroxyl popuiát ion 
following rehydrat ion of a sample outgassed at high tempera-
ture. 	Norimoto et al. found that cycles of outgassing, at 
temperatures greater than 873K, followed by adsorption of 
water, reduced the ability of the sample to rehydroxylate. 
This has been explained by the surface model of Primet et 81. 
(42), and further calculation of the results along the lines 
of this model shows that assuming only terminal adsorption on 
the (110) plane with 5l sites per nm2 , and with an average 
number of 77 sites per nm2 on the (100) and (101) planes, 
31% of the surface was covered by the (110) plane. 	Similar 
calculations can be made, based on the determinations Of 
total hydroxyl population of other authors, but there is some 
error in the calculation since (100) and (101) planes bre not 
necessarily fully hydroxylated; and Jones and Hockey (29) 
have suggested that no hydroxyl groups exist on these lanes. 
Many other adsorption-desorption studies have been carr'ied 
out for the titanium dioxide-water system. 	Gonzalez and 
i'iunuera (35) reported some temperature programmed desorption 
(t.p.d.) studies of rutile, and their calculations of the 
bydroxyl group and molecular water populations are given in 
table 1.4. 	Jones and Hockey (46) found support for their 
model of the surface of rutile in studies which combined the 
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figure 1.10, the water content of oxide surfaces at various 
temperatures: •,Ti0 2 (rutil.e); and two samples cf 	-Pe203 
0.- ( 11/; o,(II); after Morirnoto, Nagao and Tokuda (37) 	' 
45°C 
Ti4 0 2—Ti4++J-IC1 Ti4 OH—Ti4 C1- 
m 
45°C 	/ 
Ti4 OH— +HC1 T'+O C1 Ti4 C1 — +H2O 
400°C 	\ 
H 
figure 1.11, the surface reaction of HC1 with rutile, after 
Parfitt, Eamsbotham and. Rochester (23) 
H  
± 	+ H2O 
figure 1. 12. a third Ti sit-- on rutile (see figure 1.9
1% 
, 
titniui expcsed ly the desorption of co-ordinatively bound 
adsorbed form mg per lOOn? molecular OH per ,2 surface 
H20 per hyd.roxylated 
residual OH 3.0 4.0 2.0 23 
regenerated OH 4.5 .1.5 3.0 55 
adsorbed 1120, 5.0 2.0 - - 
undissociated  
reversibly 30 - - 
adsorbed H20 
table t.L., different forms of adsorption of water on the surface of T1 2 ; after 
Gonzalez and Munuera (35) 
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measurements. 	The use of tlle9e techniques was also reported 
in a paper by Munuera and Stone (45). A t .p .d. study of 
anatase was carried out by 14unuera, Moreno and Gonzalez (47). 
Further surface reaction studies were carried out by 
Boehm (48), who treated titanium dioxide with acidic and basic 
reagents in order to determine the relative numbers of acidic 
and basic hydroxyl groups; and studies were carried out by 
Boehm and Herrmann (49) of the deuterium exchange of an 
ariatase powder. 
1. 2.2.4 CONCLUSIONS 
Of the various research schools studying the surface 
of rut lie, Jones and Hockey (214.) (29) (14.6), Jackson and Parfitt 
(40 ) (44), and iiunuera and Stone (45) have Identified a bridgec 
and a terminal hydroxyl species from the I.r. spectra. There 
is, however, no other substantial evidence to support this 
conclusion, and considerable doubt is placed on the concluslor 
drawn from i.r. studies by the marked differences in the 
authors' analyses, as was shown by the comparisons In tables 
1.1 and 1.2. 	Primet, Pichat and Mathieu (14.2) are the only 
authors of recent years to suggest the absence of the bridged 
species under normal conditions. Their explanation of the 
surface is simpler than that of the other schools, it fits 
all of the facts, and it can account for the changes which 
occur when the surface is heat treated. 
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..2.3 SURFACE REACTIONS OF TITANIUM DIOXIDE WPH SIMPLE 
MOLECULES. 
1.2.3.1 CARBON MONOXIDE., AND CARBON DIOXIDE 
The early work of Yates (39), using i.r. spectroscopy, 
showed that a sample of reduced rutile adsorbed slightly 
less carbon monoxide at room temperature than an oxidized 
sample. Though the carbon monoxide was only weakly adsorbed 
- all i.r. bands being removed from the spectrum by evacuation 
for 10 seconds - chemisorption did take place since there was 
a distinct shift in the position of the bands with respect 
to those of gas phase carbon monoxide. Yates could find 
no evidence of bonding to surface metal atoms, and he con-
cluded that carbon monoxide bonded at the carbon atom to a 
surface oxygen ion. 
In the same paper Yates reported that the adsorption 
of carbon dioxide by rutile was stronger than that of carbon 
monoxide. Three absorption bands were identified; one at 
1580 cm was removed by evacuation for 30 seconds at room 
temperature, the others, at 1485 and 1325 cm were weakened, 
but still present, after 20 minutes evacuation. The bands 
were broad and this was attributed to surface heterogeneity. 
Yates considered the possible formation of CO, CO 3 and 
002, but be dismissed the second of these, attributing the 
1485 cm-1  band to CO, and the other absorptions to C0. 
Jackson and Part itt (44) also studied the adsorption 
of carbon dioxide by rutile and identified a surface carbon-
ate band at 1440 am- 1. 	This species was produced on a 
2L 
surface outgassed at 673K, and it was still present after 
evacuation for one hour at room temperature. The inten-
sities of the bands for more labile species (completely re-
moved by evacuation at room temperature) were related to 
that of the 3700 cm hydroxyl absorption band. These 
bands, at 3615, 1586 and 1220 am- 1, were therefore attributec 
to a surface bicarbonate. This was decomposed by exposure 
to water vapour. 
The authors argued that the preferential interaction 
of carbon dioxide with the hydroxyl group absorbing 
at 3700 am supports their identification of this band with 
the bridged hydroxyl group, but the observation is fully com-
patible with the model of Primet et al. (42) who similarly 
identified a bicarbonate species after adsorption of carbon 
dioxide on titanium dioxide outgassed at 373K (50). Primet 
et al. argued that the hydroxyl groups are only weakly basic 
in character, since they react to form a bicarbonate species 
which is decomposed by evacuation at 298K. 
.2.3.2 HYDROGEN CHLORIDE 
Parfitt, Ramsbotham and Rochester (23) studied hydro-
gen chloride adsorption on ruti].e by i.r. spectroscopy and 
found that the intensity of the 3660 cm band was increased. 
(This was identified by Primet et al. (42) as a hydroxyl per-
turbed by hydrogen bonding). With increasing doses of 
hydrogen chloride the 3700 cm band was weakened, and 
shifted to 3690 cm, eventually disappearing. At the same 
time there was an increase in the intensity of the absorption 
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bands of molecular water. The authors proposed the reactioi 
mechanism given in figure 1.11 to account for the formation 
of hyd.roxyl groups and water molecules. The addition of 
ammonia to a hydrogen chloride treated surface produced 
ammonium ions, indicating Brnsted acidity - probably of 
water molecules co-ordinated to titanium ions and perturbed 
by the chloride ions. 
Jones and Hockey (24) carried out a less extensive 
study, with similar results, except that hydrogen chloride 
was not found to affect the band at 3650 cm i . 
In contrast to the studies on rutile, Tanaka and 
Ogasawara (51) found that the adsorption of hydrogen chloride 
on alumina produced an entirely new hydroxyl group. 	It had 
a larger extinction coefficient than the other hydroxyl 
bands and was considered to be more ionic. During butene 
Isomerisation experiments, proton exchange was observed 
between the surface and the butene molecules. 	It was con- 
eluded that, although the enhanced activity of the treated 
surface was associated with the hydrogen chloride, the extent 
of exchange with hydrogen chloride protons was too small re-
lative to the rate of isomerisation to simply ascribe the 
activity to Br#nsted sites. 
1. 2 . 3. 3 AJvJjION IA 
The adsorption of ammonia by rut ile shows adsorption 
only on to Lewis acid sites and there is no evidence of 
Brnsted acidity, (50)(52). 	Parfitt et al. (52) showed 
that adSorption of ammonia increased the 3660 cm band of 
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the surface hydroxyl groups and they proposed the following 
reaction, to account for this, 
NH  + Ti-O-Ti = TIOH + T1NH 2 . 
Perturbation of the hydroxyl group by the nitrogen atom to 
give the observed band would be expected from the model of 
Primet et al. (42). 	The absorption bands of the four N-H 
stretching vibrations, at 3200, 3250, 3350 and 3400 om, 
were only partially reduced by evacuation at 473K. They 
were allocated to the two stretching vibrations of ammonia 
molecules adsorbed on two,different, Lewis acid sites. 
Primet et al. (50) similarly Identified two Lewis acid sites 
from ammonia adsorption studies. The authors noted that 
one of these sites existed on a 423K outgaased, rut ile sample 
and attributed its production to the removal of molecular 
water co-ordinated to a surface titanium ion, figure 1.12. 
The other site was observed on a sample outgassed at 623K but 
was absent from samples outgassed at 423K. These sites 
were therefore produced by partial dehyciroxylation owing to 
desorption of ammonia. Hydroxyl groups which, prior to the 
adsorption of ammonia, were an isolated species, could be 
removed in this way. The acid strength of the site was 
estimated to be similar to that of 6-alumina. 
1.2.3.4 PYRIDINE 
Part itt et al (53) showed that pyridine adsorption 
weakened the i.r. absorption bands at 3700  cm 1 and 3660 cm 
and strengthened the 3400 cm band, which results from 
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hydroxyl groups perturbed by hydrogen bonding. Infrared 
bands resulting from the adsorption of pyridine on Lewis 
acid sites were observed and it was demonstrated that there 
were no Brjóntod 9old sites on rut lie, even on a wet surface. 
Jones and Hockey (24) found similar results to Parfitt et al. 
and noted that pyridine could displace co-ordinatively ad-
sorbed water molecules. 	Primet et al. (50) showed that 
pyridine was more stable on a completely dehydroxy].ated 
surface than on one only partially dehydroxylated. 
The strong base, trimethylamine, was chosen by Primet 
et al. to check whether titanium dioxide showed protonic 
acidity. 	The reaction with rutile was analogous to that 
of pyridine and ammonia. There was no Brnsted acidity 
even towards trimethylamine. Anatase, however, showed 
weak bands resulting from a protonic interaction, and these 
were removed by evacuation at 473K. 
1.2.3.5 CARBON TETRACHLORIDE 
Primet, Basset, Mathieu and Prettre (54) observed a 
surface reaction, at temperatures up to 423K, between carbon 
tetrachloride and rut lie, in which carbon dioxide and 
hydrogen chloride were evolved. The proposed mechanism 
of the surface reaction is given in figure 1.13 1 and 
illustrates the productioncf electron deficient titanium 
sites. 	These sites were confirmed by the oxidation of 
anthracene to its positive ion radical (observed by e.p.r. 
spectroscopy). 
Cl Cl 
Ti Ti Ti Ti + CC1 = Ti Ti Ti Ti 
Cl 	r'i 
i + 	if 	'i' 
COOl 2 + Ti 	Ti. Ti Ti 
0 	 0 	 IC 
TTI T(TI + COd 2 = Ti 
Cl 
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figure 1.13, surface reactions of carijcn tetrachloride with 




The adsorption of but-i-one on rut ile at room temper-
ature was reported by Jackson and Parfitt (LjJ.). 	The 
8urfaOO hydroxyl, i.r. absorption bands were weakened and 
only the 1650 cm band of but-l-ene was shifted by the 
process of adsorption. 	The latter was due to interaction 
of the hydroxyl groups with the double bond. The but-l-ene 
spectrum rapidly disappeared on evacuation. Heating the 
rutile to 423K, in the presence of but-l-ene, produced C-H 
stretching bands equivalent to surface butoxide groups. 
This species is quite likely to form since titanium 
a].koxides, Ti(OR) 4, are well known In the field of organo-
metallic chemistry (55). 	Titanium isopropoxideais some- 
times used as a parent material for preparing very pure 
titanium dioxide. 
1.2.3. 7- -ETHYLENE AND ALIPHATIC ALCOHOLS 
Shchekochikhjn, Filimonov, Keler and Terenin (56) 
carried out an i.r. study of the adsorption of ethylene and 
alcohols on titanium dioxide outgassed at 623K. Strong 
adsorption of methanol, ethanol, propan-l-ol and propan-2-ol 
was found in the temperature range 293 to 573K, such that 
desorption was only completed by out'gassing at 623K. Two 
Intense absorption bands, at 1140 and 1060 am- 1 , were parti-
cularly associated with the strongly adsorbed species, and 
the authors allocated these to C-O boid vibrations in surface 
esters. 	Titanate esters have intense absorption bands in 
the 1150-1000 cm- 1  region of the spectra. 	Similarly, 
ethylene gave two absorption bands in this region, and the 
deformation vibration of the CH 2  group at a double bond was 
absent, indicating cleavage of the double bond to give a 
surface ester. 	The spectra are given in figures l.lLa and 
b of adsorbed ethylene and ethanol on titanium dioxide doped 
with tungsten trioxide. The authors did not present the 
spectra observed for pure rut ile, but these were stated to 
be similar. 
It was proposed that the two types of ester arose from 
reaction with surface oxygen to produce (I), in figure 1.15, 
and from reaction with a surface hydroxyl group to produce 
(II). 	The authors did not speculate on how the two esters 
arise from ethylene adsorption, but reaction in a four-
centred transition state with an isolated hydroxyl would 
produce (II), and a similar reaction with one of a pair of 
adjacent hydroxyls would produce (I). 
This work contrasts with the i.r. studies of ethylene 
adsorption on zinc oxide, by Kokes and Dent (57). 	No dis- 
sociative or a-bonded chemisorption was observed and strong 
adsorption was attributed to a IT bonded interaction with 
surface oxygen ions. When gas phase hydrogen was also 
present, a zinc alkyl species was observed and this was 
shown to be a likely intermediate for the catalytic hydro-
genation of ethylene on zinc oxide. 
0 ____________ 
2000 	1500 	1200 	ci 
(a) 
figure 1.14, (a )infrared spectra 
TiO2  at 293K 1 ; L.23K (2); 573K b infrared spectra 
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figure 1.15, surface reactions of ethanol with Ti0 2 , 
after Xeier et al. (56) 
30 
1.2 . 4  THE RELATIVE STABILITIES OF ORGANOT ITANIUM COMPOUNDS 
The heterogeneity of the solid surface has delayed 
the development of a general theory of heterogeneous 
catalysis, but it is clear that many surface reactions in-
volve intermediates which are covalent].y bonded to metal 
atoms. 	It is the purpose of this section to outline the 
types of organotitanium compounds that have been observed in 
homogeneous chemistry, for in the absence of an established 
theory of surface bonding, such information forms the best 
guide available to the nature of the intermediates. 
Herman and Nelson (58) carried out early studies of 
the organometallic chemistry of titanium. 	They concluded 
that the most stable compounds contained organic uganda 
which were relatively electronegative, and that the stability 
was increased by the presence of other electronegative 
groups. 	Using Pauling's definition of, 
percent ionic character = 100(1_e * ( XA _xB ) 2 ) 
(59), and with the electronegativities, XA  and XB,  of the 
atoms taken from Pauling's determinations (60), one calcu- 
lates there to be 18% ionic character in the Ti-C bond. This 
indicates essentially covalent bonding and is similar to the 
values calculated for the bonds of tin and aluminiufli.' 
ionic character for Si-C is somewhat lower at 12% and those 
of scandium, magnesium and sodium are much higher, 40- 
This picture can be severely distorted by the attachment 
of electron withdrawing groups to the metal atom. Thus 
oxygen atoms attached to titanium increase the polarity of 
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the Ti-C bond. 
The stability of organometallic compounds depends on 
the nature of their bonding. 	Silicon, germanium, tin and 
lead are in the same group as carbon and can bond in a 
similar way. 	Therefore, they have an extensive organo- 
metallic chemistry but the ionic character introduced by 
the metal atoms renders the compounds much less stable than 
the carbon analogues. 
Research, subsequent to the discovery of ferrocene, 
showed that the formation of a metal-carbon bond was a 
general and characteristic property of the transition metals. 
The bonding of ferrocene can be considered to originate 
from the five Tr molecular orbitals of the cyclopentadienyl 
anion. 	Six electrons fill the lower three orbitals and 
these overlap with empty orbitals on the ferrous ion. A 
certain amount of back-bonding occurs from filled orbitals 
of the ferrous ion to the two empty orbitals of the anion. 
In ferrocene, the main contribution to the bonds is thought 
to come from the d yz  orbital of the ferrous ion, and the 
compound exists as a sandwich of the iron atom between the 
two parallel rings. 	Dibenzenechrotnium has similar bonding, 
and is shown in figure 1.16. When the other orbitals, a 
and p, contribute to the bonding, the rings may not be 
parallel, e.g. (TT - C5H5TiC1) 2 and TiC12A1(C2115 ) 2 . 	The 
contribution from the p orbitals is probably essential to 
the stability of these titanium compounds. The latter is 
shown in figure 1.17. 
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figure 1.18 
figures 1.16, 17, 18, after Cotton and Wilkinson (55) 
Si 0 £9 
figure 
dative dl-r--pTr bonds, after Rochow,Hurd and Lewis 
(60) 
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Stable olefin oomplexes have been prepared of the 
metals in the Groups VI - VIII, but similar complexes of 
titanium and vanadium are unstable under normal conditions 
(55). The conjugated polyolefins, and the cyclic olefins, 
form the most stable compounds. The form of bonding is 
usually represented as donation from the filled olefin TI 
orbitals to vacant metal orbitals, with back-bonding from 
filled metal orbitals to the empty ant ibonding orbitals of 
the olefin, illustrated in figure 1.18. 	And this bonding 
is similar to that of the dative dtT-p7 bonds, illustrated 
for Ni-CO in figure 1.19. 	Bonding with u-allyl orbitals 
can occur, but, judging from the compounds that have been 
prepared, these are stable only with the Group VIII metals. 
In the absence of it bonding uganda such as CO, a bonds be-
tween metal and carbon atoms exist as stable entities only 
for the metals on the løtb hand side of the transition metal 
series, e.g. Ti(CH 3 ) and CH 3TIC13 . 	But the presence of 
TT bonded uganda enables stable, a, metal-carbon bonds to 
be formed throughout the series of transition metals. 
In homogeneous chemistry the conditions required for 
thS formation of a bonded, titanium alkyl species are a 
Lewis acid titanium compound, such as titanium tetrachloride 
plus an alkylating agent such as methyl aluminium chloride. 
Typically, the reactions occur between 270 and 330K. Many 
of the alkyl titanium compounds are crimson or violet, al-
though one compound, Ti(C 3 ) is yellow. 	In the pure state 
most of the ôompounds decompose within a few days at room 
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temperature (61). The cyclopentadienyl compounds of 
titanium are more stable and can be purified by sublimation 
at Li.70K. 
1,3 REACTION MECHANISRS PUT FORWARD FOR THE REACTIONS 
STUDIED IN THIS THESIS 
1.3.1 N-BUPFE ISOIVIERISATION ON MALS 
Farkas (62) carried out studies of hydrocarbon ex-
change and isomerisation on a variety of catalysts, and he 
proposed the simple dissociative mechanism shown in figure 
1.20. However, Twigg (63) found that this mechanism did 
not fit his results for the isomerisation and deuterium 
exchange of butene on nickel. 	The double bond migration 
reaction requires both steps I and II in Farkas's mechanism, 
and the rate would be controlled by whichever was the slower, ,  
but exchange may occur by either step and would therefore 
have a rate equal to or greater than the rate of Isomori- 
sat ion. Twigg found that double bond isomerisation occurrec 
six times faster than exchange at 349K. Therefore he pro-
posed a new mechanism, shown in figure 1.21, in which deu-
terium exchange is controlled by step (a). This may pr000e 
into step (b) without desorption, thus giving multiple 
exchange. 	For the latter to occur, step (b) must be faster 
than (a) and this was found to be the case since step (b) 
involves the isonrisation reaction. 	Another mechanism in- 
volving dissociation with the formation of a u allyl inter-
mediate (figure 1.22a) was postulated from an investigation 
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figure 1.24, intramolecular hydrogen shift mechanism to 
account for the observed cis preference on palladium, 
- - 	after Carra and Rogaini. (69) 
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by Bond and Wells (64). The authors studied the isomeri-
sation of all three n-butenes, but although the ii allyl inter 
mediate accounted for the double bond shift reaction, they 
considered that the IT allyl bond would not permit rotation tc 
give the cls/trans-but-2-ene conversion. Assuming the 
associative mechanism of Twigg (figure 1.21b) to account for 
the latter reaction, the product selectivity was estimated 
by considering the conformations of the adsorbed but-2-yl 
intermediate: "On the assumption that the metal atom to 
which the but-2-yl radical is attached may be regarded as 
equivalent to another methyl group, it is found that there 
are three possible staggered conformations (figure 1.22b). 
Conformation (I) would lead only to cis-but-2-ene, (II) only 
to trans-but-2-ene, while (III) would be expected -to give 
an equal mixture of both isomers. 	The energies of (II) and 
(III) are about equal, while the energy of (I) is greater 
by about 3 kJ mol:1 : the cis:trans ratio should therefore 
fall from 3 at very low temperatures (where (I) will not 
contribute) to a higher temperature limiting value of unity". 
Doubts concerning the validity of the associative 
mechanism were raised by the work of Wells and Wilson (65) 
who studied buteno isomerisation on supported catalysts in 
the absence of hydrogen. The studies described above had 
included hydrogen in the reaction mixture and it had been 
found (66) that metal powders were inactive towards butene 
isomerisat ion in the absence of hydrogen. Furthermore, the 
associative mechanism requires the presence of surface 
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hydrogen to convert the diadsorbed olefin to a monoadsorbed 
alkyl species (figure 1.21b). The work of Wells and Wilson 
provided the seemingly contradictory result that supported 
metal catalysts isomerised butane in the absence of hydrogen 
and with similar activity to powdered metal catalysts oper-
ated In the presence of hydrogen. 	But the authors argued 
that surface hydroxyl groups of the support could migrate 
to the metal microcrystals and act as a source of hydrogen. 
The associative mechanism was proposed by Inami, Wood and 
Wise (67) to account for butane Isomerisat ion on platinum 
and gold catalysts in the absence of hydrogen. The hydrogen 
necessary for this mechanism was thought to come from a 
slower, dissociative reaction and to represent this system 
they constructed the diagram shown in figure 1.23. The 
associative mechanism described above is essentially repre-
sented in steps 1 and 3, though the intermediaty step in-
volving the di-adsorbed species is omitted. 	The dissociative 
mechanism is represented by steps 2 and L. The authors die-
counted any importance to the ii allyl intermediate since 
trans-but-2-ene was found to give but-l-ene and cis-but-2-ene 
in its initial products, and as described above, the ir allyl 
species is unlikely to permit a direct cis/trans conversion. 
This objection similarly applies to the simple dissociative 
mechanism which only permits the double bond shift reaction. 
At this period of time, therefore, the associative mechanism 
was generally accepted to account for butane isomerisation 
on metals and there was little evidence to support the ii allyl 
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or the simple dissociative mechanisms. 	But Phillipson and 
Wells (68) argued in favour of a dissociative mechanism when, 
in agreement with the work on gold described above (67), 
they observed butene isomerisatlon on cobalt wire in the 
absence of hydrogen. The reaction was very similar to that 
of the alumina supported cobalt studies and these was no 
significant change when hydrogen was admitted to the vessel. 
If hydrogen is not required for the reaction, then a dissoc-
iative mechanism must be Involved. 	The authors were able 
to argue against the suggestion of Inami et al. (67), that a 
small amount of dissociation occurred to provide the hydrogen 
necessary for an associative mechanism, because the catalyst 
was also active for butadiene hydrogenation but not for but-
ane hydrogenation. Butadiene hydrogenation involves the 
same intermediate as that of the dissociative butane iso-
merisation mechanism, i.e. %H7 , and butane hydrogenation 
requires the same intermediate as that of the associative 
isomerisation, i.e. %H9 . 	The fact that the latter inter- 
mediate did not form for butane hydrogenation provided 
strong evidence in support of the dissociative mechanism for 
butane isonierisation. 
Carra and Ragaini. (69) proposed an intramolecular 
hydrogen shift mechanism for the Isomerisation of butene on 
palladium. 	In the absence of hydrogen, isomerisatlon of 
but-i-one gave a trans/ois-but-2-ene initial product ratio 
of 017 at 473K, but in the presence of hydrogen the ratio 
was 1'6 and the rate was at least 60 x faster. The authors 
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explained the cis-preference observed in the absence of hydro-
gen by the mechanism shown in figure 1.24. A molecule of 
but-i-one associatively 1r adsorbs on to a palladium atom; 
the reaction proceeds through the attack of another palladium 
atom on the carbon atom adjacent to the double bond. This 
Is accompanied by inversion, loss of hydrogen to carbon in 
the 1 position, and the destruction of the double bond. At 
this stage the molecule is a bonded on two palladium atoms 
and desorption gives but-2-ene. Since the terminal methyl 
group would cause steric hindrance to adsorption and sub-
sequent reaction It must be directed away from the surface 
and almost trans to the double bond. 	The inversion step 
therefore produces the cis-isomer. 	Co-ordinative adsorption 
on to is single atom was proposed to account for the formation 
of trans-but-2-ene. 	The mechanism is essentially that in- 
volving a ii allyl intermediate (figure 1.22a). The authors 
suggested that rotation about the u allyl bond could account 
for the cis/trans conversion. 
1.3.2 N-BUTENE ISOERISATION ON ACIDIC CATALYSTS 
Early workers suggested that double bond migration 
over acidic catalysts occurred via a secondary butyl carbo-
nium ion, figure 1.25 (70)(71). 	A proton from a Brnsted 
site formed the carbonium ion, which was held by ionic 
attraction to the conjugate base on the surface. This 
Intermediate can yield any one of the three n-butenes de-
pending on its conformation and on which proton is lost. 
The formation of Isobutene is unlikely to occur by this 
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figure 1.27, a mechanism involving the loss of a proton 
from a carboniurn Ion via a n-complex, after Haag and 
Pines (73) 
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figure 1.28, possible intermediates for n-butene isomerisation 
on alumina; after Gerberich and Hall (75) 
mechanism, since this would involve rearrangement of the 
secondary carbonium ion to yield the much less stable primary 
carbonium ion. 
Turkevich and Smith (72) found a difference In activ-
ation energies of 15 kJ mol:' for the Isomerisation of butene 
by phosphoric acid and by radioactive phosphoric acid (T 3P%). 
This difference can be correlated with the difference in the 
zero point energies of hydrogen and tritiurn only if these are 
bonded oovalently. 	The authors could not reconcile this 
with the intermediate postulated previously, In which the 
hydrogen was ionised to a proton. They therefore proposed 
the hydrogen switch mechanism (Illustrated in figure 1.26a 
for sulphuric acid). Hydrogen is simultaneously removed 
and added to the butene and the authors stated that, "The 
critical demand on the catalyst is that it is able to furnish 
a hydrogen and accept a hydrogen at a distance of approxima-
tely 035 nm.". 
Haag and Pines (73) noted that the cis/trans-but-2-ene 
conversion over acidic catalysts occurred at a similar rate 
to the double bond shift and they suggested that the two 
processes proceed through the same Intermediate. 	The 
migration of the double bond involves breaking a carbon-hydro-
gen bond and forming a new one, whereas the cis/trans con-
version requires the untying of a 11 bond, i.e. a bond of 
quite different strength. 	They concluded, therefore, that 
bond breaking does not occur in the rate determining step, 
and suggested that the elimination of a proton from the 
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earbonium ion intermediate proceeds through the slow arrange-
ment of a proton-olefin u complex with subsequent rapid loss 
of the proton, figure 1.27. 	In order to account for the 
product selectivity, the mechanism requires that the energies 
of the ii complexes should follow the sequence, cis < trans = 
but-l-ene. 	The authors substantiated this by the fact that 
cis-olefins form more stable complexes with silver ions than 
trans-olefins. However, Brouwer (74) rejected mechanisms 
based on a common Intermediate since he argued that the 
product selectivities were too large to be explained in this 
way. He studied olefin isomerisat ion on alumina and found 
that the reaction became selectively poisoned with time. 
Brouwer therefore postulated two mechanisms: a hydrogen 
switch, Illustrated for solid catalysts in figure 1.26b 
which accounted for the double bond shift and the cis prefer-
ence and he postulated a classical carbonium ion inter-
mediate for the cis/trans conversion. 	The relative activ- 
ation of these two mechanisms, and the relative degree of 
poisoning, determined the overall cis/trans product ration 
A detailed examination of molecular conformation and 
catalyst structure was made by Gerberich and Hall (75) for 
the isotnerisation of butene on silica-alumina and alumina 
catalysts. The rate of isomerisat ion on alumina was found 
to be inversely proportional to the water content, and the 
initial cis/trans-but-2-ene product ratio was 3'5-5. 	How- 
ever, on silica-alumina the rate was directly proportional 
to surface water content, and initial cis/trans ratio was 
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between 1 and 2. The intermediates postulated by the authors 
are shown in figures 1.28a to d. 	Loss of proton 1 from the 
classical butyl carbonium ion shown in figure 1.28a would 
lead to the formation of cis-but-2-ene and loss of proton 2 
would yield trans-but-2-ene. A cis/trans ratio of unity 
would arise from this intermediate. 	Figures 1.28b and c 
show two possible transition states for a hydrogen switch 
mechanism. 	In the trans form, c, either or the two C-3 
hydrogens can participate, but in the gauche form only the 
non-eclipsed hydrogen could participate. 	The latter 
transition state has a plane of symmetry and so has twice 
the probability of forming. Therefore, the hydrogen switch 
mechanism should also lead to cis/trans -.rat io of unity. 
These intermediates and transition states could be operative 
on silica-alumina but they could not operate on alumina, 
which yields a cis/trans product ratio much greater than 
unity and which is poisoned by adsorbed water. 	In order to 
explain the cis preference observed on alumina, the authors 
made reference to the cyclic carbanion intermediates which 
Haag and Pines postulated for sodium-alumina (76) and to 
the surface studies on alumina by Pen (77). 	Peri had 
demonstrated the presence of dual acid-base sites which were 
created by hydroxyl condensation, and he also showed that 
the i.r. spectrum of adsorbed butane resembled cis-but-2-ene. 
This led Gerbenich and Hall to propose the cyclic reaction 
intermediate shown in figure 1.28d. The two aluminium ions 
stabilise the carbanion formed by the loss of the allylic 
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proton. 	The proton 18 taken up by the oxide ion and trans- 
ferred to the terminal methylene groups to give cis-but-2-ene. 
Hightower and Hall (78) continued the study by experiments 
with mixtures of labelled and unlabelled butenes - e.g. but-i-
ene plus cis-but-2-ene-C 14 . 	On silica-alumina the results 
were consistent with a common intermediate, and the authors 
suggested the classical carbonlum ion. 	All of the reactions 
were first order and reaction was observed along all of the 
paths interconnecting the various isomers. 	On alumina the 
situation was less clear but from the variation of product 
selectivity with catalyst preparation, and the changes in 
selectivity as the catalyst became poisoned, it was concluded 
that different sites function in the several reaction paths. 
The same authors carried out further work using deuterium 
tracers (79). 	They found that very little surface hydrogen 
from either catalyst exchanged with the butenes but the 
amount that did (3 x 1016OH m 2) was close to the value 
given by Peri for the density of a sites (a sites are 
ascribed to reactive oxide ions in close proximity to an 
exposed cation) and it was suggested that these were re- 
sponsible for butene isomenisation. 	On silica-alumina much 
of the buterie reactant was lost to the surface as a residue 
(7x 10 17 molecules in 2 ) and it was thought that this formed 
a source of carbonium ions. 	Ozaki and Kimura (80) proposed 
that Brnsted sites could be formed by the adsorption of 
hydrocarbons on to Lewis acids. Thus butene attached to 
such a site could lose a proton to another molecule, thereby 
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forming a strongly adsorbed olefin and the carbonium ion 
intermediate. On alumina Hightower and Hall found that 
there was no significant residue forination(79). Isotope effects 
indicated that carbon-hydrogen bond rupture occurred in the 
transition state over alumina and co-Isomerisation experiments 
showed that the hydrogen atoms had different labilities with 
respect to the three isomers. 	The authors were not able to 
improve on the cyclic intermediate of Gerberich and Hall 
(75) (figure 1.28d), though they thought that other reaction 
paths might also be involved. 
Basset, Figueras, Mathieu and Prettre (81) studied 
cis-but-2-ene Isomerisation over alumina and chlorinated 
alumina. 	They suggested that there were two active sites 
corresponding to production of but-l-ene and trans-but-2-ene, 
because the production of the trans isomer was progressively 
poisoned with time but the production of but-l-ene was not. 
(A similar observation had been made by BlEouwer (711.)). The 
addition of chlorine to the catalyst was shown to remove 
oxygen ions with strong electron donor properties, because 
the adsorption of tetracyanoethylene to form PCNE was less 
extensive on chlorinated samples. And since small doses 
of chlorine decreased the rate of trans-but-2-ene formation 
it was concluded that the active site for the formation of 
this isomer on pure alumina was the oxygen ion. 	The inter- 
mediate shown in figure 1.28d was therefore postulated. 
With increasing chlorine addition to the alumina surface, 
the rate of formation of trans-but-2-ene increased, and 
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there was a corresponding increasi, in the population of 
oxidation sites, as measured by adsorption of perylene. 
But-l-ene formation was not significantly affected by the 
aging of the alumina, but only very small doses of chlorine 
were required to increase the rate of reaction and a Lewis 
acid site was postulated. This conclusion was supported 
by the similarities of the reaction catalysed by the 
chlorinated alumina and the reaction on the strong Lewis 
acid, aluminium chloride. 
1.3.3 N-BUTENE ISOMERISATION ON BASIC CATALYST 
The extensive studies of Pines et al. (82) showed 
that in the presence of strong bases (the authors used 
organosodium compounds) olefins can undergo a reversible 
shift of the double bond. 	Pines and Schaap (83) observed 
that an important feature of base catalysed reactions was 
the absence of skeletal isomerisation. 	They visualised a 
chain mechanism involving allyliccrbanion intermediates, as 
shown in figure 1.29, in which steps 2 and 3 represent the 
chain process. 	The exchange of metal for allylic proton 
results in the isomerised olefin plus more of the basic inter- 
mediate. 	The authors found that the catalyst with the 
highest activity was sodium on activated alumina. At 303K 
this catalyst converted but-1-ene to cis-but-2-ene L x faster 
than the conversion to the trans isomer, and In order to 
account for this the resonance stabilised intermediate, 
shown in figure 1.30 (83), was postulated. 
REACTION MECHANISMS TO ACCOUNT FOR N-BUTENE ISOIIERISATION 
CATALYSED BY BASES 
Ns 
Step I 	BNa ± RCH2 —CH=rCH2 -. BH + RCH—CHCH, 
Na+ 	 NO 
Step S 	 RCH—CH==CH2 RCH=CH—ZH, 
(I) 	 •(1J) 
step  
Na+ 	 Na' 
RCHrrCH—tH2 + RCH-CHCH, -, RCHCH—CH + RtHCHCH, 
Cr') 
figure 1.29, the double bond shift catalysed by sodium-
organosodiurn bases with a chain mechanism (steps 2 and 3) 




figure 1.30, a resonance-stabilised intermediate to 
account for the preferential formation of the cis-butenyl 
carbanion, after Pines and Schaap (83) 
CH3 	,H 
C—C fl 
CH3 "CH2 	 H 	CH2 
II 
figure 1.31, the interaction of the dipole of the methyl 
group and the dipole of the allylic intermediate; 
proposed by Bank (86) to account for the preferential 
formation of the cis-allylic carbanion 
L.L. 
Foster and Cvetanovi6 (84) suggested that the un-
saturation of the carbanion bond between C-2 and C - 3 hindered 
rotation about the bond, and therefore prevented the direct 
cis/trans conversion. 	In this way they attempted to explain 
the observed product selectivity of basic catalysts, but 
Bank, SchriesheIm and Rowe (85) concluded that the observed 
cis preference in the isomerlsation of but-].-ene was due to 
a greater stability of the cis-allylic anion over the trans-
anion. Experiments covering a range of catalytic systems 
showed that there was no correlation between the stereo-
selectivities and the reaction rates, the catalyst, the 
anionic species or the solvent; so that any explanation of 
the stereose].ectivity must evolve from a property common to 
all of the systems - this being the greater stability of the 
cis-allylic carbanion. The authors substantiated this con-
clusion by the fact that cis-halo-substituted propenes are 
more stable than the trans-Isomers. 	In a paper by Bank 
(86), the reason for the stability was suggested to be the 
diminution of the Internal dipole interaction of the molecule. 
In figure 1.31 the cis-anion is more stable than the trans 
because It has a lower dipole moment. 	The author further 
suggested that the trans-carbonium ion is much more stable 
than the cis, and that when the molecule has no net charge 
the trans-allylic species is just slightly more stable than 
the cis. 
Kokes and Dent (87) have studied butene isomerisation 
over zinc oxide at room temperature using I.r. spectroscopy 
and other techniques. The adsorption of butane was similar 
to that of propene (88) and It was apparent that dissociation 
occurred with the loss of the allylic proton. 	Initially 
the adsorbed but-i-erie showed three i.r. bands, at 1630, 1610 
and 1550- 1570 cm- ly apart from those that also occurred with 
the gas phase molecules. 	After 70 minutes only the 1550-1570 
cm and the 1630 cm bands were prominent. The former band 
was attributed to a rr allyl species. 	The initial 1610 cm- 1 
band was thought to result from a n complex produced from 
but-1-ene, and the 1630 cm band was attributed to the i 
complexed but-2-ene product molecules. 	The authors found an 
activation energy of 75 kJ molt 1 for the isomerisation of 
cis-but-2-ene and the initial but-1-ene/trans-but-2-ene 
product ratio was unity. This indicated that but-i-one 
was not an intermediate in the cis/trans conversion. 	Flash 
desorption studios showed a concentration of cis-but-2-ene 
which was higher than the gas phase equilibrium value and 
this suggests that in the adsorbed state the cis conformation 
was preferred. The authors concluded that the rr allyl 
species identified in the i.r. spectrum was a plausible 
intermediate for the isomerisation reaction. 
FOOTNOTE 
The main purpose of this section is to act as a 
working summary of reaction mechanisms from which it will 
be possible to draw information in the later chapters of 
this thesis, but it is advantageous to note the conclusions 
Lj.6 
of Shannon (89) who, from an earlier survey, drew correlations 
between the initial product distribution and the type of 
mechanism, depending on whether it was formally a free radical, 
carbonium ion, or carbanion mechanism. However, the evidence 
of the present survey is that it is not possible to draw so 
simple a conclusion. 	Within each of the sections described 
above the studies represent a wide range of initial product 
distributions, which depend more on the nature of the 
individual catalyst than on its formal basicity, acidity, etc. 
1. 3.4 DIMEPHYLBUTENE IS0MRISATI0N 
Branched hydrocarbons form carboniurn ions more readily 
than carbanions because the alkyl groups are able to distri-
bute the positive charge over the molecule. Haag and Pines 
(90) studied dimethylbutene isomerisation over alumina and 
at 623K  the major initial product was 2,3-dimethylbutene with 
some 2-methylpentene. No 3-methylpentene was observed in 
the products after short contact times but it did form with 
longer contact times. 	It was proposed that consecutive 
reactions were occurring, with 2,3-diznethy].butene and 2- 
methylpentene being the first and second intermediate species, 
respectively. The authors noted that carbonlum ions favour 
proton migration to methyl migration, hence double bond iso-
merisation was expected to be faster than skeletal isomer-
isation. 	Further, the relative speed of a given reaction 
depends on the stability of the carboniuxn ion intermediate, 
and this follows the sequence tertiary >secondary> primary. 
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Taking these factors into consideration they were able to 
account for all of their results in terms of carbonium ion 
intermediates. 
Although the results could be explained by the proposed 
mechanism at a qualitative level, quantitative considerations 
raised doubts as to the validity of the mechanism. 	For 
example, in figure 1.32 3,3-dimethylbut-l-ene proceeds 
through a secondary carbonlum ion, rearranging to a tertiary 
carbonium ion, and thence to products; 2,3-dimethylbut-2-
one proceeds through a tertiary carbonium, rearranges to 
primary, then to secondary carbonium ion and so to products; 
but although the second mechanism postulates the very un-
stable primary carbonium Ion intermediate it was observed 
to proceed at a rate which was slower than that for the 
first reaction by a factor of only 10. 	Karabatsos (91) 
noted the calculations of Evans (92) which showed that 
tertiary carbonium Ions are 138 kJ mol, and secondary 
carbonium ions are 92 kJ mol, more stable than the 
corresponding primary carbonium ions. Using this data the 
relative rates of the reaction steps in the mechanism of 
Haag and Pines are not found to fit the experimental data. 
Karabatsos put forward a bimolecular mechanism to account 
for such reactions. The type of intermediates involved are 
illustrated in figure 1.33 for the isomerisation of 2-methyl-
but-l-ene. 	According to this mechanism scrambling of the 
methyl groups occurs after the formation of the bimolecular 
complex, and Karabatsos presented the results of tracer 
REACTION MECHANISM OF DIIETHLBUTENE ISOMERISATION 
C 	 C 	 CC 	CC 
I + fast 	 I' I C-C-C-C 	c-C-C-c c-.C=C-c 
+ 
CC 	 CC 	CC 	 C 
II slow 	I I 1 C-C-C-C C-C-C-C C-C-C-C-C 
+ 
	
C-C-C=C-C 	C-C-C-C-C T 	- C-C-C-C-C 
'I 
C=C-c-,C-C 
figure 1.32, carbonium ion mechanism for the isornerisation 
of 3,3-dimethylbut-1-ene, after Haag and Pines (90) 
C 	C 	 C 	 C *1 -H 	*1+ 	_Me* c-c-c-c + c1-c.-c 	c11-c .___:- *C-1 -C - 
- 	 c-c-c-c 	c-c-c-c 
* 
_-H 	 c- + c--c-c 
c-c-c-c 	c-c-c-c 	c-c-c-c 
-- 
figure 1.33, bimolecular reaction mechanism put forward by 
Karabatsos (91) to account for meth.ylbutene Isomerisation 
studies which showed that such scrambling did occur when t-
amyl chloride was passed over aluminium chloride. 
1.3.5 ALKYLCYCLOPROPANE ISOMERISATION 
Bullivant, Shapiro and Swinbourne (93) have studied 
the homogeneous gas phase isomerisation of 1,1-dimethylcyclo-
propane in the presence of hydrogen chloride at 723K. The 
initial product was 2-methylbut-l-ene and this was consistent 
with a six centred transition state, figure 1.34a, though it 
was thought that the real transition state might be inter-
mediate between that and the heterolytic form shown in 
figure 1.34b. 
Larson, Gerberich and Hall (94) found that the isomer-
isation of cyclopropane on silica-alumina catalysts occurred 
without significant exchange of the catalyst protons with 
the cyclopropane, but that extensive exchange occurred 
between mixtures of cyclopropane and cyclopropane-d 6 . 
Hightower and Hall (95) (96) studied the isomerisat ion of 
alkylcyclopropanes on similar catalysts, and from the product 
selectivities they concluded that the active site was a 
Br'nsted acid. 	Only n-butenes were observed in the products 
and this can be accounted for by proton addition to 1 C with 
1C- 2C bond cleavage (see figure 1.35). 	Loss of all-or bH 
to a Lewis acid site, followed by ic - 	cleavage would also 
yield the n-butenes; but loss of °H would be favoured over 
the loss of a- and bH, since this produces a tertiary 
carbonium ion intermediate. However this would yield iso- 





H—CH: CH, + 
H—C—CH 
figure 1.314,(a)eix centred transition state proposed for 
1,1-dimethylcyclopropane isomerisation in the presence of 
hydrogen chloride;and (b) an alternative heterolytic 
form; after Bullivant,Shapiro and Swinbourne (93) 
figure 1.35, numbering of meth.ylcyclopropane, after 
Hightower and Hall (95) 
x>: 
•D XX,,H (_-H 
__ or 
Pd Pd 	 H'd D"H 
yHerD XCHTCH_ca2D 
Pd fib Ha 	 III 
X-C(H,D)2-C(H,D)27CH2D 
4HorD 
 Ill - -HorD  X-CHD--CO-I,D) 2-H2D 
figure 1.36 1 alkylcyclopropane isomerisaton on palladium 
with direct C-C cleavage and the formation of a diadsorbed 
intermediate; after Roth (97) 
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butane and none was observed. The Brnsted site mechanism 
also explained the absence of 3-methylbut-l-ene In the 
products of 1 0 1-dimethylcyclopropane isoinerisation. 	This 
isomer should form if hydride extraction occurs. 	It was 
suggested that the Brnsted site was formed from a carbon- 
aceous residue. 	In this way the authors were able to ex- 
plain the deuterium exchange phenomena observed with cyclo-
propane (above) and thus account for the Isomerisation of 
all of the cyclopropanes by the same mechanism. 	In a 
detailed mathematical analysis of their results (96) Hightower 
and Hall showed that the observed carbonaceous residue con-
centration of 1017 residues per tn2 also explained the kinetic 
data if it was assumed that each residue formed an active 
site. 
On metal catalysts cyclopropane isomerisation is 
thought to occur by homolytic ring splitting. Roth (97) 
carried out a].kylcyclopropane isomerisation on palladium in 
the presence of deuterium and was able to reject a mechanism 
involving homolytic splitting of the C-H bond In favour of 
direct C-C bond cleavage and bhe formation of a diadsorbed 
Intermediate, figure 1.36. 
1.4 THE THERMAL CATALYTIC PROPERTIES OF TITANIUM DIOXIDE 
(The previous work of the research group of Kemball at a?. 
has been collected and converted to S.I. units, and is 
presented in Appendix A of this thesis. 	It includes the 
studies of Lake (98)(99), of Shannon (89 )(99) and of Munro 
(100) and in the present section kinetic data can be 
referred to in the Appendix). 
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Titanium dioxide is a relatively inactive catalyst 
for hydrocarbon reactions, as has been illustrated by 
its position in the twin peaked activity pattern. 
However, it is recognised as an active catalyst for reactions 
involving ketone condensation, and alcohol and carboxylic 
acid dehydration. 	In respect of these latter reactions an 
interpretation has often been found in the semiconducting 
properties of titanium dioxide. Many studies have also 
been carried out on its photocatalytic properties for 
oxidation reactions. 
1. Ii.. 1 REACTIONS OF KETONES, ALCOHOLS AND FORMIC ACID 
Formic acid can decompose to yield water and carbon 
monoxide or hydrogen and carbon dioxide. Munuera et al. 
(101) (102) have accounted for both processes by the dis-
sociative adsorption of formic acid to give a formate and a 
proton - the nature of the subsequent reaction, dehydro-
genation or dehydration, depending on the nature a!' the 
catalyst. 
Gonzalez and Munuera (35) carried out infrared and 
temperature programmed desorption studies of formic acid 
adsorbed on rutile. They observed associative and dis-
sociative adsorption at room temperature, and the t.p.d. study 
showed that weakly adsorbed molecules were removed as formic 
acid, but the strongly adsorbed molecules desorbed with de-
composition to water and carbon monoxide. The authors noted 
a marked similarity between the rate of condensation of 
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hydroxyl pairs, 
rate = 10 x 10 27 exp - (107,000/FtP) molecules 
and the rate of decomposition of formic acid, 
rate = 1'2 x 10 27  exp - (105,0001RT) molecules sm 2 , 
from which they concluded that the elimination of water from 
the surface was rate controlling in the dehydration reaction. 
It was argued that the dehydrogenation occurred on the re-
duced areas of the surface. 	Criado, Gonzalez and Tril].o 
(103) carried out a survey of formic acid decomposition on a 
number of first row oxides, including titanium dioxide. The 
reaction was studied between 673 and  743K and the mechanism 
shown in figure 1.37 was put forward. 	Again, the conden- 
sation of hydroxyl groups, step 3, was shown to be rate 
controlling. 
Lake and Kemball (98)(99) studied the reactions of 
ketones on rut ile. Exchange of acetone, methyl ethyl ketone, 
methyl isopropyl ketone, mesityl oxide and cyclopentanone 
occurred with deuterium oxide in the temperature range 293- 
343K. However, the numbers of exchangeable hydrogen atoms 
were limited to the number of enolizable atoms, i.e. 6, 5, 
Lj.., 9 and L. respectively. 	Lake proposed two possible mechan- 
isms involving enolIzation (98). 	In the first, loss of a 
proton to oxygen was accompanied by the formation of a 
titanium enolate. Rapid surface exchange of hydroxyl 
groups enabled the intermediate to pick up a deuteron instead 
of the original proton. 	The second mechanism involved the 
donation of a surface proton to the ketone in a typical acid 
ThY 
(r1 
MECHANISMS PUT FORWARD FOR REACTIONS CATALYSED BY TITANIUM 
DIOXIDE 
H 	 CO (9) 
HCOOH(g) 1 	
H 	2 	H 	H 	3 	HO (9) 0 - b o - 0 b - o 
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figure 1.37, decomposition of formic acid, after Criado, 
Gonzalez and Trillo (103) 
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figure 1381, condensation of acetone via an adsorbed enol 




CH3—CH—C113 	CH3—CH—CH2~ . (ii) 
OH- 	 OH-H 
CFI2—CH_-CH, - 	 H20 + (CH 	CH—cFf3)+-~ . (III) 
OH- 
(CH3 	CH_CHa)++ i 	CH3CH=CH2. '(Iv) 
figure 1.39, dehydration of isopropanol; after Sazonova 
Khokhlova,Sushentseva and Keler (106) 
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catalysed enolization mechanism. After the surface studies 
described in section 1.2.3, the latter mechanism is thought 
unlikely to occur since even in the presence of water, rutile 
shows little tendency towards Brnsted acidity. Furthermore, 
Lake found that water inhibited the reaction (the order of 
reaction was -16 with respect to water) but the population 
of Br'nsted sites would be expected to increase with larger 
doses of water. Kemball (99) postulated a more general mech-
anism involving a base catalysed reaction leading to a re-
sonance stabilised carbanion. However, in the more recent 
work of Munuera and Stone (45) it was shown that acetone 
adsorption is suppressed by the presence of water, and they 
suggested that the strong adsorption of acetone was centred 
on a titanium site. This favours a Lewis acid type of 
mechanism with the formation of a titanium enolate inter- 
mediate. 
When attempting to exchange acetone with deuterium 
on rutile, Lake and Kemball found that the acetone condensed 
at 373K  to form mesityl oxide and mesity].ene. The concen-
trations of these products rose rapidly to a maximum and than 
slowly decayed; from which it was concluded that these 
products were, themselves, reacting to give heavier material. 
A product of mass 138 was identified by mass spectrometry 
and this could have been phorone or isophorone. 	Isophorone 
was observed in the condensation products of acetone over 
titanium dioxide at 633K (lOL). 	Lake (98) postulated 
condensation mechanisms involving the same intermediates as 
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those described above for the exchange reaction; and the 
mechanism involving the titanium enolate species is 
illustrated in figure 1.38. 
Lake (98) observed the decomposition of isopropanol 
over rutile in the temperature range 473-523K. The dehydro-
genation reaction was about ten times slower than dehydration, 
at 523K,  and Lake suggested that dehydrogenation Involved 
simultaneous cleavage of 0-H and a C-H bonds to form a di-
adsorbed Intermediate which desorbed as acetone. Dehydration 
was postulated to occur through C-OH cleavage to give a 
surface hydroxyl group and an alkyl species. The subsequent 
loss of a 0 proton to the hydroxyl group produces. water and 
propylene. 
Schwab and Schwab-AgallidIs (105) studied ethanol and 
formic acid dehydrogenation and dehydration reactions on 
titanium dioxide. 	The reaction of ethanol was similar to 
that of isopropanol observed by Lake, and ethylene and 
acetaldehyde were observed in the reaction products, but in 
agreement with the findings of Gonzalez and Munuera (35) 
catalyst selectivity for dehydrogenation and dehydration was 
significantly affected by the catalyst pretreatment. 
Keler, Sazonova, Khokhlova and Sushentseva (106) 
correlated the electronic properties of titanium dioxide and 
its solid solutions with the activities for isopropanol de-
hydration. 	The dissolution of 05 mol % tungsten trioxide 
increased the conductivity of titanium dioxide because of 
the introduction of a high valency metal ion into an n-type 
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semiconductor. The dehydration activity was also increased 
so that reaction occurred at 11113K with a similar rate to 
reaction at 643K on pure titanium dioxide, and the authors 
noted that the doped catalyst had comparable activity and 
selectivity to the standard industrial catalysts used for 
alcohol dehydration. 
Although iron oxide impurity in titanium dioxide 
produces a very powerful acid site (107), the dissolution of 
1 mol % Fe203 reduced the activity of titanium dioxide so 
that the rate of dehydration at 703K was still less than the 
rate of reaction on pure titanium dioxide at 643K. The 
ferric oxide also decreased the conductivity of titanium 
dioxide. The authors postulated the mechanism shown in 
figure 1.39, and since an increased concentration of electron 
donors in the catalyst had Increased the rate of dehydration, 
it was concluded that an acceptor process, step I or IV,, was 
rate determining. The adsorption of alcohol was observed 
at low temperatures and so step IV, the desorption of propyl-
ene, was taken to be the slow step. Although it accounts 
for the conductivity measurements this mechanism is hard to 
believe, particularly with respect to stepsl and IV. Since 
pj has no d electrons adsorption occurs either on oxygen 
ions, forming an 0-0 bond, which is unusual, or adsorption 
occurs on T13+ ions, which means that stoichiometric titanium 
dioxide should be inactive. 	In addition, step IV is unlikely 
to be rate controlling since it means that an olefin adsorbed 
by a ii bond is not removed from titanium dioxide until 600K. 
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In a later paper (108) Keter et al, studied isopropanol dehyd-
ration on a titanium dioxide film arranged as the inner plate 
of an electrical condenser. 	The application of a 65 x 106 
Vm 1 electric field activated the dehydration reaction so 
that it could be observed at 373K on the film. An explanation 
was given in terms of the mechanism just described. 
1.4.2 THE HYDROGEN-DEUTERIUM REACTION 
Some of the exchange studies of deuterium with the 
hydroxyl groups of titanium dioxide have already been con-
sidered (Section 1.2.2.2). 	Most authors have found that D 2  0 
exchanges all of the hydroxyl groups of rut lie at room temp-
erature (24)(12), but i.r. studies of D 2 exchange at about 
500K showed that some hydroxyl groups were only exchanged 
with difficulty, or not at all (23)(24). 	These hydroxyl 
groups had an i.r. absorption at 3660 cm and were attri-
buted either to hydroxyl groups occluded into the powders 
during aggregation or to molecular water trapped in the pore 
structure. 
All of the surface hydroxyl groups were found to 
exchange with deuterium at the same rate. 	This means that 
either they all represent very similar species, which agrees 
with the model of Primet et al. (Section 1.2.2.2) or that the 
surface migration of hydroxyl groups is more rapid than the 
hydroxyl-deuterium reaction. 
Lake and Kembali studied the deuterium exchange 
reaction of the hydroxyl groups of rutile outgassed at 723K 
(109). They observed the reaction between 623 and 723K and 
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found the initial rate to obey the relationship, 
rate = 10228 exp. - (110,000/m)atoms 3 11fl 246 
And interpreting this exchange as the reaction of surface 
hydroxyl groups they calculated the coverage to be 3'40H per 
nm 
An extensive study of the H 2 - D2 exchange and the 
para-ortho hydrogen conversion on titanium dioxide was 
carried out by Harris and Rosaington (110). They pointed 
out that there were two types of mechanism to be considered: 
the Bonhoeffer-Farkas mechanism involving reaction between 
two adjacent chemisorbed species, and an Eley-Rideal mechanism 
involving reaction between a chemisorbed species and a 
physically adsorbed species. 	Using an anatase preparation 
with a surface area of 8'6 m2 9-1 they found that 
exchange and the para-ortho conversion both obeyed apparent 
first order kinetics at all of the temperatures studied, 
but allowance had to be made for the reaction on glass above 
573K. The temperature dependence of H 2 -D 2  exchange Is 
shown in figure 1.40. Three temperature regions with 
maxima at 123K, 173K, and then with increasing activity 
above 350K, were observed. 	The curve plotted with open 
triangles shows the activity for experiments carried out 
at successively lower temperatures. 	In a study of the true 
order of reaction, the high temperature reaction was found 
to be first order between 0'27 and 33 kNrri2 2 but the low 
temperature reaction changed from first order kinetics below 
pressures of 1 - 3 kNm 2 to zero order kinetics at higher 
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figure 1.40, temperature dependence of R -D equilibration 
and p-H2 conversion reactions (pressure = 1 • 3 kNm ); after 
Harris and Rossington (110) 
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figure j.41, deuterium exchange of ethylene on rutile; 
after Lake and Kemball (109) 
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pressures. The para-ortho conversion was rapid between 108 
and 123K, and rates between 473 and 773K were similar to 
those of H2 -D2 exchange. 	From the apparent negative 
activation energy of the parahydrogen conversion at low 
temperatures, the authors concluded that a physical mechan-
ism was operating, probably associated with the paramagnetic 
T13 sites produced by outgaaslng. The first order kinetics 
and small positive activation energy of H2 _D2 exchange In-
dicated an Eley-Rideal type of mechanism at low temperatures, 
but the two temperatures at which maximum values for the 
rate constant were observed, 123 and 173K, were thought to 
indicate the presence of different types of sites on which 
the reaction occurred. 
In the high temperature reaction region, the rate of 
equilibration on anatase obeyed the relationship, 
rate = 25 x 1015 exp - (55,000/RT) molecules 
A calculation of k, based on the adsorption of hydrogen 
as the rate controlling step, gave a value which was much 
higher and it was concluded that the rate of dissociative 
adsorption of hydrogen was not rate controlling. But when 
H2 D exchange on rut lie was studied by Lake and Kernball 
(98) (109) (lii) they found that the initial rate obeyed the 
relationship, 
rate = 10 22-5 exp - ( 77,000/RT) atoms 
between 473 and 623K. The Arrhenius factor is much higher 
than that of Harris and Rossington by a factor of 1053 
and the experimental rate equation of Harris and Rosaington 
is probably in error. Lake and Kemball found that H2 -D20 
exchange occurred at a similar rate to H 2 - D2 exchange, with, 
rate = 10220  exp - (17,000,4T) atoms 
iLi.. 3 REACTIONS OF HYDROCARBONS ON TITANIUM DIOXIDE 
Lake and Kemball studied the exchange and addition 
reactions of ethylene, propylene and isobutene in the tem-
perature range 523-673K (109). The rate of addition across 
the double bond was similar to the rate of exchange of hydro-
gen atoms excepting those which could be exchanged through 
an allylic intermediate, which were about 100 x more reactive. 
It was found that deuterium oxide exchanged hydrogen atoms 
at a similar rate and with similar kinetic parameters to 
those of deuterium. 	And in all cases exchange was a step- 
wise process. The kinetic parameters (activation energy 
and Arrhenius factor) showed considerable differences between 
the exchange and addition reactions. Pressure dependence 
studies indicated first order kinetics in ethylene but the 
order with respect to deuterium was 0'2 for exchange and 
05 for addition. 
An allylic carbanion intermediate was proposed in 
order to explain the faster exchange of certain of the 
hydrogen atoms. The slower exchange was thought to occur 
through a four centred transition state with interaction 
across the olefin double bond and a Ti-D surface bond to 
give a a bonded titanium alkyl intermediate (figure 1.14). 
Munro (100) studied the exchange of isobutene with D2 and 
with D20 on a different rut lie preparation to tht of Lake. 
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Both reactions were studied in the temperature range 373 to 
448K, and the exchange with D20 was essentially stepwise. 
The reaction with D2 was complicated by the appearance of 
butane dimerisat ion products with mass number 110 (butene 
has mass 56) and analogy was drawn between this behaviour 
of isobutene and the condensation reaction of acetone at a 
similar temperature. When deuterium exchange was studied 
at 543K  a well behaved reaction was observed without ditneri-
sation products. 	The high activity of the catalyst towards 
isobutene indicates that the exchange reaction probably 
proceeds through a different mechanism to that of the other 
olefins. 
Lake and Ketnball (109) also studied the exchange 
reactions of benzene, toluene and m-xylene in the same 
temperature range as their work on other hydrocarbons. 
Stepwise exchange was observed with rates 2-6 x slower 
than the fast olefin exchange reaction described above. 
Only in the case of m-xylene was it possible to distinguish 
different rates of exchange corresponding to the different 
types of hydrogen present in the compounds. The side groups 
of m-xylene exchanged their hydrogen approximately 3 x slower 
than the ring. The exchange with D 2  0 was very similar to 
the reaction of D21  although poisoning occurred with toluene 
and m-xylene. The similarity in exchange kinetics of the 
side group and ring hydrogen atoms was very marked and 
suggests a similar mechanism for both reactions, but the 
authors pointed out the difficulty of accounting for such a 
process by any-of the conventichna]. mechanisms. 
Lake (98) found that propane exchanged hydrogen with 
deuterium at a similar rate to that of the addition and slow 
exchange reactions of olefins. Both propane-d 1 and propane-
d3 were formed initially and it was suggested that the latter 
was formed by the I'T ally1 exchange mechanism of olefins. This 
was thought possible because the dissociative adsorption of 
propane would generate an alkyl species which could form the 
olefin and thence the ii ailyl intermediate. 
Buta-1 9 3-diene was observed to exchange with heavy 
water between 523 and 573K (98) 	utenes were also formed 
and both reactions were thought to involve a n allyl inter-
mediate. When butadiene alone was contacted with the 
surface for one hour at 673K, it was completely converted to 
butenes, ethylbenzene, styrene and xylenes. The study of 
butadiene hydrogenation was continued by Shannon and Kemball 
(99). Using mixtures of 12:1 deuterium to butadiene, they 
found that zero order kinetics were obeyed for up to 20, con- 
version. 	The rate of reaction fitted the equation, 
rate = 10 	 exp - (97,000/RT) molecules sm 2 . 
The initial product distribution of the butenes was, but-l-one 
> cis-but-2-ene > trans-but-2-emC); and subsequent isomeri-
sation to give a thermodynamic distribution was very slow 
because of inhibition by the adsorbed butadiene. Butadiene-
d6 reacted more slowly than butadiene indicating that the 
rate determining step may involve cleavage of a C-H bond. 
Loss of gas phase material was observed and this is probably 
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associated with the conversion of butadiene to butenes in 
the absence of gas phase hydrogen (this was also observed by 
Lake). Furthermore, butadiene hydrogenation in the presence 
of deuterium produced butenes with only a low deuterium 
content; therefore, it was concluded that the mechanism in-
volved sites associated with a surface residue. 
Shannon (89) followed the exchange of cyclopentadiene 
with D 2  0 on rutile at 1443K. He postulated that a carbanion 
mechanism was involved because of the ease of formation of 
cyclopentadiene anion and he explained the high reaction 
temperature as the result of strong adsorption so that de-
sorption was the rate determining step. 
An extensive study of the isomerisat ion of n-butenes 
on rutile was reported by Shannon and Kemball (99), and the 
authors found that all six interconnecting reactions of the 
three isomers occurred (table 1.5). 	The cis/trans-but-2-ene 
initial product ratio was 548 at 1421K and this corresponds 
to the kinetic control observed on other catalysts (sections 
1.14.1 9 2 and 3). 	However, it was also found that the 
kinetic parameters were not very reproducible from one pre-
paration to another, as shown in table 1.6. The authors 
found that the presence of D2 had no effect on the rate of 
isomerisation, and the exchange reaction was observed at 475K. 
But D20 poisoned the catalyst towards isomerisation - although 
it also exchanged with butane. The extent of D 2 exchange was  
about the same in both reactants and products, but with D 20, 
there was a much higher percentage of deuterium in the 
k2 k3 k4 Ic5 k6 
6e90 1.00 40.j 1291 0.92 1091 
table 1.5, relative rate constants for isomerization of the 
butenes at 411K onrutile; after Shannon and Kemball (99); 
k1 v but-1-ene 	k3 k Nk 








(E/kJ mo1 1 ) 8 1 zn 2 ) 
cis 	b-1-ene 
transl trans 
but-1 -ene/T102 (I) 50 21.1 5.8 -: 
but-1-ene/T10 2 (II) 100 28.5 5.7 - 
but-1-ene/Ti0 2 (III) 112 29.4 1 4.5 - 
cis-but-2-ene/Ti0 2 (I) 61 21.8 - 6.3 
cis-but-2-ene/Ti0 2 (II) 89 25.7 - 4.8 
cis-but-2-ene/Ti0 2(III) - - 
- 3.5 
table 1.6 isomerisation reactions on different preparations 
of rutile; after Shannon and Kemball (99) 
WAP 
products. Two separate processes were thought to be 
occurring on the surface: a fast double bond shift reaction 
occurred on a basic site through the formation of an ailylic 
anion intermediate, and the cis/trans conversion was thought 
to occur by addition of a proton to generate a secondary 
carboniurn ion. 	Recent spectroscopic studies (described in 
Section 1.2.3.3 and 1.2.3.4) indicate the absence of Br'nsted 
sites on rut lie 80 that the second process is now thought 
unlikely. 
Co-Isomerisation experiments were carried out with 
light and heavy cis-but-2-enes and it was found that exchange 
and isotnerisation occurred at similar rates. 	The results 
were not conclusive but an intramolecular mechanism was 
thought to occur. 
THE PURPOSE OF THE PRESENT INVESTIGATION 
Many of the surface studies described in section 
1.2, above, showed how the surface properties of rutile 
could be changed by thermal treatment, and In section i.4 
many studies referred to the variations in catalytic 
activity and product selectivity observed for different 
rutile preparations. 	Therefore, the first aim of the 
present investigation was to test the reproducibility of 
different rutile preparations with respect to their catalytic 
activity. 	This led to the development of a technique for 
studying the surface of rut lie by deuterium-hydroxyl 
exchange, and to a research programme specifically aimed 




EXPERIMENTAL PROCEDURE AND MTHEMTICAL ANALYSIS 
2.1 INTRODUCTION 
The types of experiment carried out during the course 
of this investigation included catalytic studies, deuterium 
exchange of hydroxyl groups, surface area measurements and 
adsorption-.desorption studies. 	Most of the apparatus and 
techniques have been fully described in the theses of 
previous research workers of the research group, but one new 
apparatus (to be labelled gasline 1) and those techniques 
which were modified for the purpose of the present investi-
gation are described more fully. 
Most of the hydrocarbon reactions were studied on gas 
line 1 which incorporated static reactors, backed by a gas 
handling line and a sampling system. The latter enabled 
the removal of gas phase samples for analysis on a gas 
chromatograph equipped with a flame ionization detector, a 
recorder, and a Kent Chromalog Digital Integrator. The 
special feature of this apparatus was a McLeod gauge attached 
near to one of the reaction vessels and which was operated 
with a linear scale. 	Using this gauge, non-condensible 
vapours could be measured in the range 005 Nm 2 to 26 kNm'2 . 
Two similar gas lines, but without the McLeod gauge, were 
also used,these are referred to as gas line 2 and gas line 3. 
Gas line 2 was used for oycloa].kane and isobutene isomeri- 
sat ion studies. 	Hydrogen-deuterium and ,hydroxyl-deuterium 
reaction studies were carried out on gas \llne 4 - a static 
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system consisting essentially of a PeQctiDtl vessel connected 
to a mass spectrometer by means of a fine capillary leak, 
which permitted a continuous analysis of the reaction mixture. 
The mass spectrometer was an A.E.I. M.S.lO equipped with a 
permanent magnet. 	A similar system, gas line 5, was used 
for a study of acetone-deuterium oxide exchange. 	It incor- 
porated an M.S.lO equipped with an electromagnet. 
Two adsorption systems were used. Surface area 
measurements were carried out on gas line 6 - an apparatus 
using krypton adsorbent in an accumulative technique. 	It 
Incorporated a linear scale McLeod gauge with a maximum 
reading of 0'16 kNm 2 . For general adsorption-desorption 
studies, gas line 7 was used. 	Essentially, it consisted of 
a silica spring balance and was equipped with travelling 
microscopes. 	Pressure measurements, sensitive to 7 Nm 2 , 
could be made on mercury manometers, also equipped with 
travelling microscopes. 
2.2 THE PREPARATIONS OF RUT ILE USED IN THE INVESTIGATION 
All of the rutile preparations used in this work were 
prepared by Tioxide International Ltd. at the Central Labora-
tories. A description of each catalyst 18 given in table 2.1. 
Most of them were obtained as gifts directly from the firm; 
the only exceptions being those marked, *, which were kindly 
sent by Dr. F.S. Stone, 1 A large part of the study was 
1. Now Professor F.S. Stone of Bath University. 
I 
Code Crystal Surface prep. Ca1c. Doped ion Major Other known impurities 
structure area 







-1 .p.rn.)  
(p.p.rn.) 
CL/I) 142 H 25 ± 1 Cl 698 0 Cl = 03 Fe<lO, A1<106, Si<lOO, 	Cu<05, NiO<1, 
(T i02 II) CaO<20, ZnO<20, P205 <100, Zr02 <10, 
Pb<10,.K20<19, Nb205 <10, Sb2 0 3 <20, S03=100. 
CL/D 142B R 190 ± 015 Cl 873 0 Si02 = 121, Fe = 30, Al =700, 	Cu<05, NiO<36, 
K 2  0 = 0045 
CaO = 804, ZnO = 28, P205 <100, Zr02 <lO, 
Pb<10, Nb2 05 <lO, Sb2 03 <20, CL = 700. 
CL/D478/1 98-8 . R 5-5- + 02 S 1100 0 so 
	= 032 - 
CL/D1178/2 960 H - 64  T.I.L. S 1100 Al = 1500 - 
CL/D 478/3 973 R 4v5 T.I.L. S 1100 Cr = 500 - - 	- 
CL/D 478/4 96•8 H 4•7 T.I.L. S 1100 Nb = 2000  
CL/ 603/1 993 H 6'3 ± 02 S 1100 0 SO 	= 007 - 
CL//D 603/2 996 R 	- 40 + 02 S 1100 Al = 940 so 
	= 006 - 
CL/D 603/3 99•5 R 40 ± 0•2 S 1.100 Cr = 1030 SO 	= 005 - 
CL/D 603/4 99•6 R 51 ± 0'2 S 1100 Nb = 1050 SO 3 = 007 - 
CL/D 572 998 R 78 + 03 S - o so 	= 009 Fe = 22, A1<100, Si=100 
CL/'D 584 99•6 R 66 ± 0•3 S - 0 503 = 009 Fe<5, A1<100, Si=100, Sn=10 
CL//D 585 998 R 6•7 ±'5 S - 0 30 3 = 006 Fe=5, Al<lOO, Si<100, Sn<10 
CL/D 125* R 4- 1 + 01 - - 
/ 	0 - - 
CL/D 
47* 
R 59 ± 02 - - 0 - - 
CL/DD LOL* R 47 ± 03 - - 0 - - 
RD 1984/3* R L ± 1 . - - 0 - - 
FCL/D 30 98A 31 + 2 S - 0 SO 	= 035 - 




indicate preparation via the chloride and sulphate processes respectively. 
indicates that the surface area was that quoted by the manufacturer, Tioxide International Ltd. 
indicates the percentage rutile structure 
indicates the percentage anatase structure 
- - 	 - 	 - 	 - 	 - 	 I - - I 	 I_ 	 - - ----------,, - - - - -I-. - - - 	- - - - 	 - 
carried out on CL/i) 412, which was prepared from titanium 
tetrachloride by hydrolysis followed by washing and then 
calcination. 	This preparatory technique is referred to 	in 
table 2.1 as the chloride process. All of the other catalysts 
were prepared via the sulphate process in which titanium 
sulphate replaces titanium tetrachloride as the starting 
material. Titanium sulphate hydrate preferably yields 
anatase at low temperature calcination and so these samples 
were calcined in the temperature region of 1070 to 1120K in 
order to convert them to rutile. 
One sample of rutile received special treatment in the 
laboratory to remove its chloride content. 	This is the 
preparation coded CL/D 412B  in table 2.1. 	It was prepared 
from twenty grams of CL/D 412 and the purification process 
of Parfitt et al. (40) was followed. 	In the first stage of 
this process, in which the rutile was subjected to eight 
successive cycles of outgassing at 723K and soxhiet extraction, 
analysis of the washings indicated that 95% of the chlorine 
had been removed. However, when the preparation was analysed 
after a final outgassing at 873K,1  it was found that the 
chloride level had fallen only from 0'30% to 0'07%. 	In 
addition it was found that a high silici and potassium impurity 
had been imparted to the sample (probably from material 
leached out of the glassware during soxhlet extraction) 
1. I am indebted to the Central Laboratories of Tiozide 
International Ltd., who carried out the mass speotro-
metric analysis. 
R . 3 SQURCE AND PURITY OF CHEIpALS 
But -1-one, c is -but -2-one, traris.but -2- one, is obutene 
and deuterium were obtained in cylinders from the Matheson 
Company Ltd., and were C .P. grade. Hydrogen, oxygen, nitro -
gen and air were obtained from the British Oxygen Company 
Ltd., as was high purity, grade x carbon dioxide. 	Buta-1,3- 
diane was supplied by the National Physics Laboratory and 
was stated to be 999 mol % pure. Deuterium oxide (99i7% 
pure), and anhydrous distilled chlorine, hydrogen chloride 
and ammonia were obtained from I.C.I. Ltd. Acetone was 
obtained from Hopkins and Williams Ltd. 
Hydrogen cyanide was prepared in the laboratory from 
research grade chemicals. 	Concentrated sodium cyanide 
solution was added to 50% sulphuric acid, and the heavy 
vapour evolved was passed through anhydrous calcium chloride 
maintained at 300K. The vapour was condensed and trans-
ferred to the gas handling system of gas line 1, where it 
was purified by the techniques described later in this 
chapter (Section 2.5.3.). 
2. 4. GAS HANDLING SYSTEM  
2.4. 1 GAS LINE 1 - INCORPORATING CHROMATOGRAPHIC ANALYSIS 
All of the poisoning studies and most of the hydrocarbon 
reactions were studied on gas line 1,. which is shown in 
figure 2.1. The catalyst lay as a ptwder, approximately 
3 x lOm thick, at the bottom of the reaction vessels, A 
and B. The vessels were in two parts attached by a water 
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i 6m. A glass woo], plug was placed in the neck of each 
vessel to stop the catalysts scattering through the line 
during evacuation. A cold finger, 6 x lOm long, was 
internally sealed into the bottom of each reaction vessel 
so that 2 x 10 2m of the open end protruded inside the 
vessel. When the outside part of the cold finger was sur-
rounded by liquid nitrogen, it was possible to freeze a 
reactant mixture into the vessel without freezing the chem-
icals on to the catalyst. 	The vessels could be connected 
through three-way glass stopcocks to a Perkin Elmer P.11 gas 
sampling valve. 	The sample volume was such that 3% of the 
gas phase reaction mixture was removed each time a sample 
was taken. 
There were three pumping systems on the line. The 
outgassing system and the gas handling system each had a 
3-stage mercury diffusion pump backed by an Edwards High 
Vacuum, "ED 35" rotary pump. A third rotary pump was 
used to evacuate the atmospheric chambers of the McLeod 
gauges. The outgassing system was connected only to the 
two reaction vessels and the main McLeod gauge, and the 
system was used for no purpose other than outgasslng 
catalysts. When outgassing was complete the McLeod gauge 
would indicate a pressure of 1 x lO Nm 2 . 	Apart from 
the function of the McLeod gauge pump, already mentioned, 
all other pumping operations were carried out by the gas 
handling system pumps. 
Using the mercury manometer reactants were measured 
MrA 
into the dose, E, to the required pressure and were frozen 
or expanded into vessel A through the mixing volume, D. and 
the cold trap, a. 	The mixing volume was a spherical bulb 
of'volume, 550 x 1 6m, which enabled the rapid mixing of 
two or more reactants before expansion into vessel A. The 
cold trap was usually surrounded by ice and It helped to re-
duce the amount of mercury vapour carried through to the 
catalyst. 	That part of the line leading to vessel B was 
designed for poisoning studies. 	Reactants could be frozen 
into B through section F; and approximately 20 grams of fine 
gold gauze was situated in F to remove mercury from gases 
entering vessel B. The gold was surrounded by a furnace, 
external to F, and it was evacuated at 530K every two or 
three days. 	In addition a linear scale McLeod gauge was 
connected through a glass, mercury cut-off and a glass stop-
cock to section F. 
The McLeod gauge was operated by first raising the 
mercury to a fixed mark, just below the opening of the 
McLeod gauge bulb - this fixed the volume of the quantity of 
gas being measured. The mercury was then raised into the 
closed limb to one of five calibration levels which deter-
mined the range and sensitivity of the pressure scale. The 
pressure was found by noting the scale reading of the mercury 
in the evacuated limb and using the calibration graph appro-
priate to the chosen calibration level. 	To Illustrate the 
operation of the McLeod gauge, the pressure ranges, scale 
readings and calibration levels are listed in table 2.2. 
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Table 2.2. 	Calibration data for the small McLeod gauge 
of gas line 1. 
- 	 - 
Distance of calibration 
- 
Scale reading Pressure 
level from top of closed on evacuated range 
limb limb 
(10- 2M) I (10 2m) 1 (kNm 2 ) 
03 24'5 - 510 0 - 0017 
0'7 24*1 - 510 0 - 0'033 
3'4 21'4 - 510 0 - 0185 
68 180 - 510 0 - O'466 
248 00 - 510 0 - 222 
Hydrogen was used for the above calibrations and in no case 
did the points on the calibration graphs deviate more than 
1% from linearity. Less detailed plots were made for other 
gases and perfect fit with respect to hydrogen was found up 
to pressures of 13 kNm 2 . Above this pressure the plots 
deviated - probably owing to adsorption on the glass of the 
McLeod gauge. The calibration plots of hydrogen, hydrogen 
chloride and ammonia are shown in figure 2.2. 
Gases in frequent use were stored in bulbs attached to 
section G of gas line 1. 	This section also had a rank of 
taps and cone joints, through which other gases could be 
admitted. Traps H and I connected G to the two palladium 
thimbles, 3 and K. 	The thimbles were heated electrically 
and this enabled the purification of hydrogen or deuterium 
by diffusion through the appropriate thimble. 
During a reaction, gas samples from the reaction 












figure 2.2, calibration of the fifth level of the small 
McLeod. gauge (gasline 1) for hy 	 rn drogen o, a onia , and 
hydrogen chloride o 
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chromatograph. A flame ionisation detector was used with 
nitrogen as the carrier gas, and the amplified signals from 
the detector were recorded on a servoscrlbe potentiometric 
recorder (Smith's Industries Ltd.) and a Kent "Chromalog 3" 
Digital Integrator. 	A Lm column of 20% w.w. hexane-2,5- 
dione on "chromosorb P" was obtained from Perkin Elmer, 
and it was used to analyse samples from n-butene isomerisation 
reactions and butadiene hydrogenation. When operated at 
273K with a carrier gas pressure of 35 kNrn 2 , base line 
separation was obtained for the n-butenes and butadiene. 
The chromatographic analysis of a range of hydrocarbons Is 
shown in figure 2.3 together with their retention times and 
sensitivity factors. For the purpose of the analysis the 
sensitivity of a compound, X, was defined as, 
(area of peak, but-l-ene) x (cono' of but-l-ene) 
(area of peak, X) x (cono of X) 
A 1'5m column of 35% w.w. propylene carbonate on "Chromosorb 
p17 was used for the separation of dime thylbutenes. 	It was 
usually operated at room temperature under a carrier gas 
pressure of 75 kNm 2 and the chromatographic analysis of the 
three isomers is shown in figure 2.4. 
2.4.2 GAS LINE 2 AND GAS LINE 3 - INCORPORATING CHROMATO - 
GRAPHIC ANALYSIS 
Gas line 2 was specially built by Mr. N. Coutts for 
work with alkylcyclopropanes. and the reactions of these 
compounds over rutile were studied on this apparatus. It 
was similar to gas line 1, already described, but the chrorna-
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figure 2.4, chromatographic analysis using a 1.5m column of 
35%ww propylene carbonate on Chromosorb P 
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figure 2.5, chromatographic analysis using an 8m column of 
35%ww propylene carbonate on Chromoaorb P 
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propylene carbonate on "C'iromosorb P ?'. L trace of the 
isomer separation, for operation at room temperature and 
under a carrier gas pressure of 480 kNm 2 , is shown in 
figure 2.5. 
Gas line 3 was a general purpose line. The analytical 
section was fitted with a home-made, 3 m column of 20% w.w. 
hexane-2,5 -dione on "Ohromosorb P" and It was operated at 
273K. Both gas lines are described more fully In the theses 
of Coutta (112) and Cross (113), respectively. 
2.4. 3 GAS LINE L. AND GAS LINE 5 - INCORPORATING MASS 
SPECTROMETRIC ANALYSIS 
Gas line L. was fully described In the thesis of 
MoNaught (1114), however, for its use in the present Investi-
gation some modifications were made to the gas handling 
system and a diagram of the main part of the line is shown 
in figure 2.6. This gas line was used to determine the 
hydroxyl content of rut ile by deuterium exchange and for 
this purpose a liquid nitrogen trap, A, was provided in 
order to dry gases before they were admitted to the reaction 
vessel. A mixing bulb, B, which had a variable volume 
depending on the size of the flask attached to It, was also 
added to facilitate the measurement of water vapour. The 
low saturated vapour pressure of water would otherwise have 
placed a limit on the quantities that could be used. 	The 
reaction vessel C was similar to that described above 
(Section 2.14.1) but the detachable part was made of silica 
and had no cold finger. 	Its volume was (97'5 ± i'o) x 10-6  M* 

















figure. 2.6, the modified section of gasline L. 
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A fine capillary leak permitted a continuous flow of gas 
phase reactant at a rate of less than 1% per hour Into an 
A.E.I. LS.lO mass spectrometer. The latter was equipped 
with a permanent magnet and the hydrogen isotope spectrum 
was scanned by varying the accelerating voltage. 
Gas line 5 is described In the thesis of Jaggers (115). 
It was used for acetone -deuterium oxide exchange experiments 
and was similar to gas line I. but had an M.S.lO mass spectro-
meter equipped with an electromagnet. The mass spectrum 
of the deutero-acetone reaction products was scanned by 
varying the magnetic flux. 
2.4.4 GAS LINE 6 AND GAS LINE 7 - USED FOR ADSORPTION STUDIES 
Gas line 6 was designed for surface area measurements 
using krypton as the adsorbate in an accumulative technique. 
It was described by Inglis (116) and Shannon (89) but has 
since been modified. A sketch of the functional part is 
shown in figure 2.7. 	The volume of the McLeod gauge bulb, 
A, was 51'14 x 1 6m and the closed limb had a radius of 
0'625 x io½. When operated with the linear scale 
positioned on the evacuated limb, one unit on the linear 
scale (referred to as one line-6-unit) was equivalent to a 
pressure of 537 Nm 2 and the maximum reading was 160 Nm 2 . 
When the mercury had been raised to a calibration level, 
just below the opening of the McLeod bulb, the volume of 
A+B+C was (788 + l0) x lO 6m. D was a silica adsorption 
vessel of volume (8'2 + 0'8) x 10
6 
 M
3 . 	The line was 
	















figure 2.7, gasllne 6 - the krypton adsorption line 
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calibrated for adsorption studies at liquid nitrogen temper-
ature by the use of helium. The procedure was exactly the 
same as that of the adsorption procedure itself in which 
krypton was used, but since helium does not adsorb at the 
boiling point of liquid nitrogen, the difference in the 
pressure measurements of the helium calibration and a krypton 
adsorption, corresponded to the quantity of krypton adsorbed 
in the vessel. 
Gas line 7, the spring balance adsorption line, has been 
described by Cross (113) 0 The sample was weighed into a 
silica bucket at the end of a silica spring (force constant = 
6•39 g m). 	Attached to the spring was a fine pointer, 
made of glass and blackened by carbon. 	It was viewed 
through a travelling microscope with a Vernier gauge 
accurate to lO m, so that at the limit of sensitivity a 
change In weight during adsorption of 6 x 	g could be 
detected. 	However, twisting or severe vibration of the 
loosely hung spring could cause loss of this sensitivity; 
and because of the special accuracy required in the present 
work, experiments were abandoned in which the full sensitivity 
was not achieved. 	Corrections to allow for the bouyanoy 
of the balance had to be made for each adsorbate used. The 
bouyancy was obtained by plotting a graph of pressure versus 
weight loss, in the absence of any adsorbent. With the 
exception of nitrogen, plots tended to be very scattered 
with typically 30-40% error, but fortunately the correction 
was only a small part of the weight gain in an adsorption 
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experiment. The bouyancy of 27 kNm 2 of nitrogen at 77K 
was 32 x log, compared with a monolayer weight of 75 x 
10 3g of nitrogen on 25 m2 of sample. 
.2.5 	IQUES  
2.5.1 TEMPERATURE CONTROL 
The furnaces used for heating the reaction vessels on 
the gas lines were close fitting silica tubes, wound with 
electrical heating wire. 	The furnace temperatures of lines 
1-5 were controlled either by a Fielden Bikini temperature 
unit (lines 2, 3 and 5) or a Eurotherm, model PID/SCR, temper- 
ature unit (lines 1 and Lv). 	Both units controlled the tem- 
perature to within + O'5K of that desired, though the range 
of temperature across the diameter of the furnace had a minimum 
value about 3K below that near the walls. On lines 6 and 7 
the temperature was controlled solely by the supply voltage, 
but nevertheless It could be maintained accurate to ±2K. 
2. .2 THE 14EASUREMT OF GAS LINE VQLU3 
Because gas line 1 was to be used for combined adsorption 
and reaction studies, it was necessary to know all of the 
volumes to much greater accuracy than the L% usually afforded 
by techniques involving expansion of hydrogen. Accordingly, 
as many volumes as possible were measured by filling the 
glass sections with water, prior to assembly, and the follow -
ing procedure was developed to measure the remaining volumes. 
A known, calibration volume was filled with butene to a 
standard pressure and the gas was completely frozen into an 
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evacuated weighing tube, equipped with a glass stopcock. 
The butene in the tube was weighed so that for a given weight 
of butene Its volume at the standard pressure could be calcu-
lated. Unknown volumes were determined using the same pro-
cedure and the calibration data. When the technique was 
checked using other known volumes, the accuracy was found to 
be better than 1%. 
2.5.3 THE PURIFICATION OF GASES 
Two important factors affecting the purity of gases 
handled on gas lines are the ability of the line to hold 
vacuum, and so prevent air from contaminating the chemical, 
and the extent to which gases are held on the walls or in 
the grease of the line. 	Figure 2.8 shows the change in 
pressure with respect to time of section F-E, which had a 
volume of 100 x 1 6m and contained 8 glass stopcocks. 
After evacuation for one hour the section was closed to the 
pumps and the pressure monitored on a Pirani gauge. 	In a 
second experiment the section was opened to the small McLeod 
gauge and the pressure followed using this instrument. The 
marked difference between the two pressure plots arises be-
cause the McLeod gauge can only measure non-condensible gases., 
whereas the Pipani gauge measures the total pressure. The 
McLeod gauge therefore gave a measure of the leakage of air 
into the line, and even after 3 hours this amounted to less 
than 005 lfni 2 . The Pirani gauge gave a measure of the 
heavy vapours adsorbed on the walls and in the grease. After 
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latter value is still so small that even during the lengthy 
purification of hydrogen the impurity introduced by desorption 
from the walls of the apparatus was less than ooi%. 
Hydrogen and deuterium were purified on gas line 1 by 
diffusion of cylinder gas, stored in bulb L or M, through an 
electrically heated palladium thimble K or J (figure 2.1). 
The gas then passed through traps H and I, which were surr-
ounded by liquid nitrogen, and into a storage bulb attached 
to G. 
Gases which could be almost completely frozen down at 
the temperature of liquid nitrogen were purified of air by 
distillation from trap I to trap H with the latter surrounded 
by liquid nitrogen and under evacuation. The material, thus 
purified of air was further purified of light compounds by 
equilibration at the temperature of a cryogen chosen to give 
a small residual vapour pressure. Since the light impurities 
are thermodynamically favoured in the gas phase they could be 
largely removed by repeated expansion from H into 0 and 
evacuation of G. The material was purified of heavy com-
pounds by slow vacuum distillation from H into the storage 
vessel - rejecting the last portion of distillant. 
2.6 REACTION PROCEDURE AND ANALYSIS 
2.6,1 HYDROCARBON REACTION STUDIES 
The following was the general procedure adopted. 
One gram of catalyst was weighed into a reaction vessel, 
the vessel plugged with glass wool, to prevent scattering of 
the powder when under evacuation, and then outgassed at 723K 
overnight. Typically the outgassing time was 135 hours, 
but experiments showed that the catalyst's activity towards 
but-i-ens isomerisation was unaffected by outgassing for 
only 2 hours or for as long as 20. After outgassing, a 
pressure of 6 x io" Nm 2 was achieved and the reaction 
vessel was closed to the pumping system. 	Oxygen, dried by 
passage through a liquid nitrogen trap, was admitted to the 
reaction vessel to a pressure of 27 kNm 2 . This returned 
oxygen to the partially reduced catalyst, and oxidised any 
carbonaceous residue formed on the catalyst by reaction with 
grease. After 30 minutes the vessel was cooled to room 
temperature and evacuated for a further 30 minutes. The p0-
suiting, oxygen treated catalyst was white in colour at room 
temperature, but in the absence of oxygen treatment it was 
grey-blue. 	Condensible reactant gases were measured to the 
required pressure in the dosing volume and frozen into the 
cold finger of the reaction vessel. Non-condensible gases 
were expanded into the vessel from the mixing volume. The 
reaction was initiated by raising the furnace, preset to the 
required temperature, and waiting for the vessel to come to 
reaction temperature. 
Poisoning studies of hydrocarbon isomerisation reactions 
were carried out at a reaction temperature of 1423K and so the 
poisoning agent was adsorbed at this temperature. The McLeod 
gauge attached to section F was used both as a dosing volume 
and a pressure meter for the poisoning agent - excepting 
pressures greater than 13 kNm 2 which were measured on a 
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mercury manometer. The gas Was expanded into reaction 
vessel B from the McLeod gauge and allowed to equilibrate 
for 20 minutes, after which B was closed and the residual 
pressure measured. Since at the limit of their poisoning 
effect the agents were almost completely adsorbed, the 
amount of poison on the catalyst could be taken simply as 
that measured out into the dose, without correction for the 
remnant in the gas phase after the adsorption. Subsequent 
to the adsorption the vessel was cooled to room temperature 
and the hydrocarbon frozen in. 
The quantities of reactants used in the hydrocarbon 
studies were as follows. 
butenes 	- 0595 x 10 20 molecules 
dimethylbutenes - 0 1446  x 10 20 molecules 
alkylcyclopropanes - 1 9 13 x 10 20 molecules 
butadiene hydrogenation - 0595 x 10 20 molecules 
of butadiene plus 176 x 10 20 molecules 
of hydrogen 
A larger vessel was used for the alkyloyclopropane studies on 
gas line 2 and the larger quantity of reactant was appropriate 
to maintain a gas pressure similar to the other studies. In 
the hydrogenation of butadiene, the quantity of hydrogen was 
chosen to ensure that there was more than enough to completely 
saturate the butadiene. 
During the course of each reaction gas phase samples 
were injected into the chromatograph. The integrator print- 
out of each chemical component separated by the cbromatograph 
was proportional to the signal received from the ionization 
amplifier. 	It was multiplied by its calibration factor 
(quoted in figures 2.3, 2.4 and 2.5) and this gave a number 
which was proportional to the concentration of the component 
in the original sample. The reactions were analysed 
graphically by plotting percentage composition versus time 
and also log (x 
- Xe ) versus time, where x is the percentage 
concentration of the reactant and Xe  is its equilibrium 
concentration. 	The latter plot assumes the equation, 
reactant = product (s) 
from which one can derive the kinetic relationship, 
In (x - x,)= - 	 + in (100 - x0) - equation 2.1 
where t represents time and k' is the first order rate 
constant for the forward reaction. k' was derived from the 
slope of the log plot and the value of the absolute rate, k, 
could be found since k' corresponds to an initial rate with 
the units, fraction of gas phase reacting per unit time, 
hence, 
k = k'.N/A molecules srn 2 - equation 2.2 
where N is the number of reactant molecules initially and A 
is the surface area of the catalyst. 
For the purposes of the results and discussion chapters 
it Is convenient to define the expression "well behaved 
reaction" to mean a reaction which provided a linear rate plot 
with no more than 5% scatter in.the points and which was re-
producible. 	But-l-ene isomerisation on rutile, CL/D 11.12, 
may be taken as an example of a well behaved reaction and 
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experiments on fresh samples of CL/D 412 gave the following 
values of k at 1123K, 
26 9 24, 27 and 26 x 1015  molecules 
The Initial product ratios of some of the reactions are 
quoted in the results chapters as a guide to changes In the 
reaction mechanisms. The standard error for these was about 
20%, as can be seen from the cis/trans-but-2-ene initial 
product ratio for the reactions just quoted, 
I8, L'Lj., 50 and 5'5. 
Whenever possible, results were presented in an Arrhenius 
plot with log (k/molecules s -1 M-2 ) plotted against l/(TxK) 
and the errors quoted for the Arrhenius parameters are those 
corresponding to the scatter of points in the graphs. 
2.6.2 THE HYDROGEN -DEUTERITJN REACTION 
In the hydrogen-deuterium exchange studies, a mass 
spectrometer ionising voltage of 25 eV was selected since it 
gave optimum sensitivity for minimum fragmentation, and 
typically the sensitivity fluctuated by no more than 5% over 
a period of 5 hours (the length Of most experiments). The 
absence of significant fragmentation can be seen from the 
mass spectrum of purified deuterium. For mass numbers 4, 
3 and 2 a typical mass spectrum gave the peak height values 
of 5100, 210 and 30 x 10- 2m, respectively. Assuming for the 
present purposes that deuterium, hydrogen deuteride and 
hydrogen have equal sensitivity the deuterium is seen to 
have L..% impurity of hydrogen deuteride, because the mess 3 
peak cannot receive a fragmentation contribution from 
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deuterium. 	If the mass 3 peak represents impurity, then the 
much smaller mass 2 peak can be taken to represent impurity 
as well, and by this reasoning the fragmentation of deuterium 
was ignored in all of the calculations. 
The overall sensitivity of the mass spectrometer to-
wards mass numbers Li., 3 and 2 varied slightly with time; but 
the relative sensitivity of the peaks remained unaltered, 
except when the position of the filament inside the mass 
spectrometer was changed. 	The sensitivity of the mass 
spectrometer was determined immediately after each exchange 
run, and in the initial stages of the investigation cali-
bration graphs of the type shown in figures 2.9 were obtained. 
The plots were essentially linear up to a pressure of 2 kNm 2 , 
but deviated above this. 	At all pressures the spectrometer 
was more sensitive to deuterium than hydrogen by a factor of 
15. The curvature of the plots created a problem in deter- 
mining the sensitivity for hydrogen deuteride. 	In surface 
hydroxyl exchange studies, when there was only a low pressure 
of hydrogen deuteride, the sensitivity was calculated from 
the experimental equilibrium data and tbw theoretical equi-
librium determined by Urey and Rittenberg (117). The 
following relationship was used, 
2 
K = 	h x b) 	- equation 2.3 
PDX P11 
where K is the theoretical equilibrium const*nt, h is the 
peak height of mass number 3 0 b is the unknown calibration 
factor for hydrogen deutepide, and P indicates the pressure 
[;J1 
of deuterium (subscript, D2 ) or of hydrogen (subscript, H2 ). 
The factor, b, was usually similar to the corresponding 
factor for deuterium, and when it was necessary to calibrate 
large pressures of hydrogen deuteride - so that the cali-
bration could no longer be assumed to be linear - the peak 
height measurements were calibrated on the plot for deuterium. 
There was an additional complication with the hydrogen-
deuterium reaction because an unreacted mixture of the two 
gases produced a mass 3 peak equivalent to the presence of 
7% RD in the reactant mixture. 
Prior to an hydroxyl exchange experiment one gram of 
rutile was pretreated by outgassing at the required temper-
ature for 135 hours; and oxygen, dried by passage through 
a liquid nitrogen trap, was admitted to a pressure of 2'7 kNm 2 
f or 30 minutes at the outgassing temperature. Afterwards, 
it was cooled to room temperature and outgassed for 30 minutes. 
The reaction was initiated by admitting about 64 kNm 2 of 
dried deuterium (accurately measured) into the vessel at 295K. 
This corresponded to about 15 x 10 20 molecules; the exact 
figure depended on the precise pressure used. The vessel 
was closed and reaction was followed in three temperature 
periods.. The procedure was common to all of the hydroxyl 
exchange studies and was operated as follows. 
The furnace, preset to 523K,  was raised about the 
vessel and reaction followed for one hour, then the temper-
ature was raised to 623K  for one hour, and finally the 
reaction was followed at 723K until no further change could 
be detected In measurements spaced at 20 minute intervals. 
Typically this latter stage took 2 hours and the final 
measurements were taken as the effective equilibrium compo-
sition of the reactant. 
The experiments were analysed graphically by plotting 
the percentage composition versus time and also log (d-d 0 ) 
versus time, where d Is defined as the percentage concentration 
of deuterium, counted as atoms, in the gas phase. 	It was 
calculated from, 
d = 100 	+ P)/2P 
Subscripts, HD and T, represent hydrogen deuteride and total, 
respectively. de was the effective equilibrium value of d. 
The log plots were essentially linear and enabled the calcu-
lation of a rate constant ktt of the form, 
In (d - de) = -k"t + constant - equation 2.4 
Assuming the reaction could be approximated by the equation, 
reactants = products 
the kinetics took the form, 
In (d - de) 	
- 	
____ + In (d 0 - de ) - equation 	2.5 
(do -d 1  
where the subscript, o, indicates zero of time. And as In 
section 2.6.1 an absolute rate, k, could be calculated from 
k = 2.k.N/A atoms sm2 - equation 2.6. 
The number of hydroxyl groups may be calculated from 
the effective equilibrium composition, as follows. 	If the 
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number of hydroxyl groups initially is 'a', then the amount 
of hydrogen (counted as atoms) in the vessel initially is 
given by, 
a + 2.N.(100 - d0 )/100. 
Assuming that the total pressure of hydrogen and deuterium is 
not affected by adsorption or desorption from the sample, and 
that the surface distribution of hydrogen and deuterium in the 
hydroxyl groups exactly reflects the composition of the gas 
phase, the total number of hydrogen atoms at equilibrium is 
given by, 
a (100 - de)/lOO + 2.N.(100 - d 0 )/100. 
And if the total number of hydrogen atoms is constant through-
out the experiment, 
a = 2 N (d0 - de)/de - equation 2.7 
The last assumption, that the total number of hydrogen atoms 
is constant, is incorrect since gas phase material is lost 
through the spectrometer capillary leak, but typically this 
assumption introduced only about 2% error. The second re- 
quirement, that the surface hydroxyl composition at equilibrium 
reflects the gas phase composition was demonstrated to be true 
by experiments described in chapter !.. 	But the first assump- 
tion concerns the possibility of hydrogen or deuterium being 
lost to the sample or given off from it. The calibrated 
pressures at the beginning and end of experiments indicated 
that the amount of gas phase hydrogen did change with time. 
The question remains of whether the observed pressure changes 
were real, or simply the result of a change in the spectro- 
meter sensitivity. 	Fortunately, the derivation of an expre- 
ssion which allows for the change in pressure produces the 
same equation, whichever of these two factors was the cause, 
and the value of 'a' may be determined unambiguously from, 
a = 2.Z.[(2 Pff2,0+ HD,eT,O - ( 2PH,0 + PHD,0)PT,e} 
+ 2.P 
- equation 2.8 
where Z = R.T 
and the symbols and subscripts have the meanings defined above. 
The derivation of this equation involves only simple, thoui 
laborious,algebra and is therefore presented in appendix B. 
The hydrogen- deuterium reaction was studied on the same 
apparatus as that used for the hydroxyl-deuterium exchange. 
The catalyst pretreatment followed that described for hydro-
carbon reactions in section 2.6.1 and the mass spectrometric 
analysis was similar to that described for hydroxyl-deuterium 
exchange, above. 	For each reaction a mixture of hydrogen 
plus deuterium in equal quantities was prepared and admitted 
to the reaction vessel to give a total pressure of 112 
at 295K and this corresponded to 268 x 10 20  molecules. 	In 
common with other authors (109) (118) (119) (120), the reaction 
was analysed graphically by plotting log (y0 - y) versus time, 
where y is the percentage concentration of hydrogen deuteride 
in the gas phase. This gives a rate constant Ic" correspondin( 
to the relationship, 
in (y - y) = -k"t + constant - equation 2.9 
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And assuming that the reaction can be approximated by the 
equation, 
reactants = products 
the kinetics take the form, 
in 	- 	
= - k'.t.lOO + in 
	- 	- equation 2.10 
in which k' is the rate constant for the forward reaction. 
As described in section 2.6.1 this yields the absolute rate, 
k, from, 
k 2.k'.N/A atoms sm' 2 - equation 2.11 
2.6 • 3 ACETONE-DEUTERIUM OXIDE EXCHANGE 
A short study was made of the exchange of acetone with 
deuterium oxide over rutile, using gas line 5. The catalyst 
pretreatment followed that described for hydrocarbon reactions 
In section 2.6.1, but only 0050 gram of rutile was used 
each time. 	066 x 10 20 molecules of acetone plus 3 . 9 x 10 20 
molecules of deuterium oxide were frozen into the vessel and 
the reaction was followed on a mass spectrometer with the 
ionising voltage set at 18 eV. The mathematical analysis 
of the reaction required corrections for the background 
spectrum, the natural isotopes present in the compounds and 
the fragmentation of acetone in the mass spectrometer. These 
calculations were carried out using a computer programme 
written by R.S. Dowie, and a complete account is given in 
his thesis (121). 	The corrected data was analysed by two 
types of first order analysis. The first was based on the 
Kemball equation, 
k • t • 100 
In e = - __ 	+ In O e - equation 2.12 
where 0 is the number of deuterium atoms per 100 molecules of 
acetone at time t. 	The second analysis was based on, 
In x = - k.t + in 100 - equation 2.13 
where x is the percentage of the light compound at time t. 
And the absolute rate, k, was calculated assuming that 
and k 
I
represent the Initial rates of raection. 
L. SURFACE AREA MEASUREMENTS 
The optimum quantity of sample for surface area measure-
ment on the krypton adsorption line, gas line 6, was that 
with a surface area of 045 m2 . A suitable quantity was 
weighed into the silica vessel and outgassed at 723K. 
Adsorption was carried out at 77K and consecutive doses of 
krypton were measured in the McLeod gauge, expanded Into 
the adsorption vessel and the equilibrium pressures noted. 
Inherent in this accumulative technique is an accumulative 
error so that there was no gain in carrying out more than 8 
expansions from the McLeod gauge. 
It was necessary to calibrate gas line 6 using helium. 
The procedure followed that just described, but because 
helium was used there was no adsorption and it was possible to 
calculate the following calibration factors. The amount of 
gas in D (figure 2.7) was equivalent to a volume, V, at 
N.T.P. where, 
V = P x 8'51 x 10 	1 6m 
and P was the pressure of gas in D quoted in line-6-units. 
The amount of gas admitted to D during each dose was equiva-
lent to a volume, 
V = AP x 0003915 
where AP was pressure change measured in line-6-units. It 
was therefore possible to calculate the amount of gas admitted, 
= E AP x 0003915 	10-6 M3 
and the amount of gas in the gas phase 
= P x 8•51 x lO 
For helium the two values were the same, but when an adsorption 
experiment was carried out with krypton adsorbing on to a 
powder situated in D, the difference in the two values corres-
ponded to the amount of gas adsorbed at an equilibrium 
pressure, 	P (line-6-units). 
The results were analysed by plotting the amount of 
krypton adsorbed versus the relative pressure, and also by 
plotting the B.E.T. equation. 	For these purposes the 
experimental saturated vapour pressure of krypton could not 
be used since at the temperature of liquid nitrogen, krypton 
exists as a solid-gas system and not the liquid-gas system 
which would more closely represent krypton in its adsorbed 
state. The saturated vapour pressure was therefore deter- 
mined from the theoretical equation of Meihuizen and Crommelin 
The temperature of the liquid nitrogen, which was 
required in this calculation, was measured on an oxygen 
saturated vapour pressure thermometer, calibrated according 
to the experimental data collected by Melville and Gowenlock 
The form of the B.E.T. equation used to analyse the 
results was, 
P 	- 1 + (C - l)P 	- equation 2.14
(P3 - P)V - VmC VmC P8 
where P5 is the saturated vapour pressure, V represents the 
volume of gas adsorbed (as if measured at N.T.P.) and sub-
script, m, indicates the monolayer quantity. 	In order to 
calculate the surface area, the cross sectional area of 
krypton was taken to be 0195 x 10- 20  m2 , after Brennan, 
Graham and Hayes (124). 
2.6.5 ADSORPTION STUDIES 
The spring balance adsorption apparatus, gas line 7, 
ideally required 100 m2 of adsorbent, but because of the 
limited amount of material that could be suspended from the 
spring without overstretching it, all of the present work was 
carried out with 25 tn2 (i.e. 1'00 g of rutile, CL/D 142). 
Typically, the sample was outgassed and oxygen treated as 
for catalytic studies and then it was subjected to the 
adsorption study. 	In one type of investigation, the temp- 
erative was maintained at 423K and the sample was exposed 
to the adsorbent for one hour, outgassed for one hour, exposed 
to a larger dose for one hour, outgassed and so on. This 
procedure gave two adsorption plots corresponding to total 
adsorption and to strong adsorption. A more conventional 
study of the adsorption was carried out at a suitable temper-
ature to enable physieorption to be observed. 	In addition 
two nitrogen adsorption studies were performed to check the 





of section 2.6.4. 	For this purpose the cross-section of 
adsorbed nitrogen was taken to be 0 , 162 Thin2 after McClellan 
and H.F. Harnaberger (125). The form of the B.E.T. equation 
appropriate to these measurements is, 
P 1 	+ (C-1)P
rl - P)X = 	
- equation 2.15 
where X is the weight of absorbent, and the other symbols 
have been defined above. 
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CHAPTER 3 
SURFACE AREA MEASUREMENTS AND ADSORPTION STUDIES 
31 SURFACE AREA MEASURE MENTS 
The adsorption isotherm of krypton on 00205 g of 
rutile, CL/D L22, is shown in figure 3.1, together with the 
B.E.T. plot. 	The adsorption corresponded to the first part 
of a type II isotherm in the Brunauer classification (126). 
The point B of the isotherm represented a surface area of, 
(26'1 t 1'O) m2g 
and a value of, 
(256 	2 13) m g -1  
was derived from the B.E.T. plot. 	Because CL/D 412 was 
used extensively and an accurate surface area determination 
was required for the poisoning studies, the measurement was 
repeated twice using fresh samples. 	The B.E.T. surface 
areas were, 
(25'2 ± 05) m2g 
	and 
(25 - 3 	0 - 4) m2g. 
In addition the area was twice determined by nitrogen 
adsorption at 77K using the gravinietric technique. Figure 
3.2 shows one of the adsorption Isotherms and the B.E.T. plot, 
which were obtained for 1 gram of sample. The B.E.T. plot 
gave a surface area of, 
(26 + 3) 
In the other determination, a complete isotherm was obtained 
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figure 3.19 krypton adsorption isotherm and B.E.T. plot 
for rutile,Cl/D 412, at 77K, 
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figure 3.3, the complete adsorption Isotherm of nitrogen on rutlle,Cl/D 412, at 77K 
measurements during adsorption o 
measurements during desorptlon 
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area at, 
(26 ± 11.) m2 g. 
It was concluded that the surface area of rutile, CL/D 42, 
was 25 m2  	with an overall error of 1 m2g. 
In order to test for pore structure a sample was out-
gassed at only 295K, since under these conditions the pores 
would remain filled with water and therefore incapable of 
further adsorption. 	The B.E.T. surface area obtained from 
a krypton adsorption experiment was 
(24'3 ± 10) m2g. 
A general survey of the surface areas of the other 
catalysts used in this study was carried out using krypton 
adsorption and the results have already been reported In 
table 2.1. 	In addition, when samples received special 
treatments likely to alter their surface area, the area was 
measured by krypton adsorption. 
.2 ADSORPTION-DESORPTION STUDIES 
3-. 2.1 -  THE ELEMENTS OF WATER 
Figure 3.4 shows the adsorption isotherm of water at 
316K on CL/D 412 outgassed at 723K, Point B corresponded to 
a monolayer of (7.7 ± 10) H20 per nm2 and the B.E.T. analysis 
gave (7.5 + 08) H 2  0 per nm2
. After the experiment the 
sample was evacuated at 316K for 30 minutes when (35 ± 05) 
H20 per nm2 remained on the surface. Another sample was 
given the standard pretreatment and the adsorption of water 
was studied at 423K. After each dose the sample was evacuated 
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figure 3049 water adsorption isotherm and B.E.T. plot 













0.0 	 1.0 	-2 - 2.0 
pressure (kNm ) 
figure 3.59 adsorption-desorption isotherms of water on 
rutlle,CIv'D 412, at 423K; o, adsorption, and Q, amount 







0 	50 	10Q1 	150 
time (mm) 
figure 3.6, thermogravimetric analysis of rutile,Cl/D 412, 
	
out gassed at 295K; 	indicates the weight loss after a 














0.00 0.05 0.10 	0.15 
P/PB 
figure 3.7, but1-ene adsorption isotherm and B.E.T. plot 
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figure 3.8, adsorption-desorption isotherms of but-1-ene on 
rutile,CL/D 412, at 423K;o, adsorption; and,amount remaining 
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figure 3.9, ammonia adsoiption isotherm and B.E.T. plot 
for rutile,C14/D 412, at 210K; X,o; P/(P 8-P)X, 
pressure 
figure 3.10, adsorption-desorption isotherms of ammonia on 
rutile,CL/D 412, at 423K;o,adsorp1on; and L\, amount 
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figure 3.11, hydrogen chloride adsorption isotherm and B.E.T. 
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figure 3.12, adsorption-desorption isotherms of hydrogen 
chloride on rutile,CL/D 412, at 423K; o ,adsorption; and A, 
amount remaining after desorption for the period indicated 
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results are plotted in figure 3.5 and the evacuation periods 
are marked on the graph. 	In the initial stages of the 
experiment it was found that (20 + 02) 1120 per nm 2 remained 
on the surface after outgassing for 1 hour, and the maximum 
total adsorption corresponded to 17 1120 per nm2 . But to-
wards the end of the experiment, the sample was observed to 
loose more weight during the outgassing periods than it 
gained in the adsorption periods. 
A thermogravimetric analysis of rutile, CL,'t 412, was 
carried out using the spring balance. After outgaasing a 
one gram sample at 295K for 135 hours, the change in weight 
was followed while outgassing at 423, 523, 623 and 723K. The 
results are plotted In figure 3.6. A similar analysis was 
carried out for CL/1) 11.l2B - the sample which had been ex-
tensively washed and outgassed to remove chlorine impurity. 
The results of the two analyses are presented in table 3.1. 
The major desorptions from CL/D 412B occurred at 423 and 
623K with hardly any desorption at 523K. Assuming the 
weight loss to correspond entirely to the removal of the 
elements of water, a total of (48 + 08) H20 per nm2 do-
sorbed from CL/t 412B. 
3.2.2 BUTENE 
The adsorption isotherm of butene on one gram of rutile, 
CL/D 412, at 273K is shown in figure 3.7. 	Point B corres- 
ponds to a monolayer of (228 0'10) molecules per nm2 , or 
a butene cross-sectional area of (0'144 + 002) run2 , and the 
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Table 3. 1. Thertnogravimetric analyses of rutile preparation 
CL/D 412  and CL/t) 412B 
Outgassing Weight loss Desorption of 
temperature (10 3g per g) water from CL/D 
412B 	2 CL/b 412 	CL/D 412B - 	 H20 per rim 
42 3 3'3 1'07 1'5 
523 13 019 03 
623 1'5 1 '14 109 
723 19 090 12 
B.E.T. analysis indicated a monolayer coverage of (247 ± 
0 - 05) molecules per rim2 . After outgassing for 5 minutes 
at 273K the coverage fell to 091 molecules per nm 2 . 
The adsorption-desorption isotherms of but-l-ene at 
1123K are shown in figure 3.8. The procedure adopted for 
this study was similar to that described for water in 
section 3.2.1. 	The knee in the total adsorption isotherm 
corresponded to 0'20 molecules per nm2 , but it was found 
that all of the butene desorbed within 20 minutes of each 
outgassing period. 
3.2.3 AMMONIA 
The adsorption of ammonia on one gram of rutile, CL/D 412 , 
at 210K is shown in figure 3.9. 	Point B corresponded to 
(691 + 05) NH  per run2 but a monolayer coverage of (5 , 3 ± 02) 
NH  per rim was calculated from the B.E.T. analysis. After 
the experiment the sample was evacuated at 210K for 20 minutes 
2 and the coverage fell to 16 NH  per nm.
Adsorption-desorption isotherms were studied at 4231K and 
are shown In figure 3.10. 	Point B In the adsorption iso- 
therm corresponded to (32 ± 03) NH 3 per rim2 . The desorption 
Isotherm had a maximum value of 1'8 molecules per nm 2 , but this 
was not a well defined coverage since evacuation for 2 hours 
left lL NH3 per nm2 on the surface and further evacuation for 
12 hours reduced this to 193 NH  per rim2 . 	A less extensive 
study was carried out at 523K. At a pressure of 24 Nm 2 Of 
ammonia, 13 NH  per rim2 were adsorbed, and evacuation for 
one hour only reduced this to 1 ,, 25 Nil 3 per rim2 . However, 
repeated adsorption-desorption cycles eventually reduced the 
weight of the rutile sample to less than its original value. 
3.2.4 HYDROGEN CHLORIDE 
Hydrogen chloride adsorption was studied at 173K  and 
the isotherm Is shown in figure 3.11. 	An initial dose was 
completely adsorbed leaving no measurable pressure (i.e. less 
than 6 Ntn 2 ). Subsequent adsorption produced a knee in the 
isotherm corresponding to (1L1.'3 + 05) HCl per nm2 . 	This 
very high coverage, plus the strength of adsorption of the 
initial dose, suggested that double layer coverage had 
occurred. 	It was concluded that the first layer corresponded 
to approximately 78 HC1 per nm2 . 
Adsorption-desorption Isotherms were measured at 423K 
and are shown in figure 3.12. A well defined desorption 
coverage of (19 + 01) molecules per nm 2 was found, which 
remained unaltered over evacuation periods of 1, 12 and 24 
hours. Total adsorption corresponded to a monolayer of 
3'9 HC1 per nm2. 
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3 . 3 DISCUSSION AND CONCLUSIONS 
The preparation of rutile, CL,ID 412, was examined for 
its surface area by Shannon (89), using a krypton adsorption 
technique, and he found a B.E.T. surface area of 277 m2g. 
The value Is larger than any of those found above, and the 
difference may arise from an apparatus calibration error or 
the fact that Shannon assumed a different saturated vapour 
pressure for krypton to that used In this work. Three 
studies described in section 1.2.2.1, (34) (35) (36), demon-
strated the existence of pore structure in preparations of 
rutIle, but In at least one investigation (37) pore structure 
was looked for and not found. 	In the present investigation, 
the similarity in surface areas of rutile, CL/b 412, outgassed 
at 295 and at 723K  provided strong evidence for the absence 
of significant pore structure in this preparation. Further-
more, If the preparation had pore structure some evidence of 
hysteresis would have been apparent In the nitrogen adsorption-
desorption Isotherms, and none was found. 
The monolayer surface coverage of rutile, CL/D 14.12, 
by water was found to be (77 ± lO) H2O per nm2. But the 
literature values vary greatly, 
Hollabaugh and Chessick (30) 
Day and Parf Itt (34) 
Morimoto et al. (37) 
Munuera et al. (47) 
Jones and Hockey (46) 
66 H20 per nm2 
91 H 2O per nm2 
(coveage at the second 
knee) 
7•9 H 0 per mm2 
76 H20 per nm 
62 H2O per nm2 
The net weight loss, which was observód towards the end of 
the adsorption-desorption experiment, may have been a result 
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of surface rearrangement producing sites which only weakly 
adsorbed the water. (This was suggested by Primet et al.(142), 
section 1.2.2.2, to occur in high temperature adsorption-
desorption cycles). 	However, it may also be due to the de- 
sorption of hydrogen chloride from the sample, and this must 
certainly be the explanation of the weight loss which 
occurred In the ammonia adsorption-desorption experiment at 
523K. 	In this latter experiment the sample was lighter at 
the end of the experiment than it was at the beginning. 
The shape of the hydrogen chloride adsorption isotherm 
was not strong enough evidence, in itself, to identify double 
layer coverage but the large coverage at the second knee con-
firmed that this must have occurred. The coverage at the 
first knee, 7'8 HCl per nm2 , was approximately equivalent to 
one molecule per surface titanium ion. 	Infrared studies 
(23)(2L) also indicated two stages of adsorption with the 
formation of hydroxyl groups in the first stage and water 
molecules in the second (section 1.2.3.2). However, this was 
at a higher temperature, 318K, than the present study at 173K. 
The residual hydrogen chloride coverage at 1423K of 
(19 + 01) HCl per nm2 was similar to that of water at 
(20 02) H 2  0 per nm2
. The residual coverage of ammonia 
was lower at lL NH3 per nm2 , but this value was ill-defined 
and, by the reasoning given above, it may have been in error 
owing to desorption of hydrogen chloride from the sample. 
CHAPTER ii. 
DEUTERIUII EXCHANGE OF HYDROXYL GROUPS 
ii.l CONTROL EXPERIMENTS 
The procedure described in section 2.6.2, of following 
hydroxyl-deuterium exchange at 523K, then 623K and finally at 
723K until no further reaction could be detected, was tested 
by two blank runs in which the standard quantity of D 2 was 
admitted to an empty reaction vessel. 	The gas phase was 
analysed as usual and the sequence of temperature periods 
was followed. 	In the first experiment the pressure of D2 
was 686 kNm 2 at 295K  and the spectrometer peak heights for 
mass numbers 4, 3 and 2 at this temperature were, 
mass number 
	
14. 	3 	2 
peak height (lOm) 	5,700 178 15 
these values being the average of three measurements. 
After 1 hour at 523K, 1 hour at 623K and .2 hours at 723K, 
the vessel was cooled to 295K and the mass spectrum was, 
mass number 	 4 	3 	2 
peak height (10 2m) - 	5,800 150 11 
This Indicated that, apart from slight settling in the 
heights of the mass 3 and mass 2 impurity peaks, there was 
no significant exchange with foreign matter, such as grease 
or water adsorbed on the glass. The calibration showed 
that the final pressure was just 3% lower than the original. 
The error in the determination of reaction points can be 
/ 	
judged from the fact that within each temperature period the 
/ random variation of peak heights occurred within extreme 
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limits of 3% from the mean value. 
The second blank experiment was carried out in a 
similar way, using an initial dose of 620 kNm 2 of D 2.,but 
the 723K temperature period was extended to 6 hours. During 
the course of this experiment there was a substantial change 
in the spectrometer calibration, which was apparent from the 
change in the peak heights. 
295K was, 
mass number 
peak height (10- 2m) 
and finally it was, 
mass number 
peak height (10 2m) 1 
Initially, the spectrum at 
L1_ 	3 	2 
5,850 195 17 
L. 	3 	2 
6,500 240 16 
The calibration at the end of the experiment indicated 
that the final pressure at 295K was 593 k1Jm 2 which corres-
ponded to a pressure loss of only 5% over the 8 hour reaction 
period. The conversion of 03% D2 to HD, calculated from 
these results, was within the experimental error and was 
ignored in the following investigations. 
4.2 THE VARIATION OF THE HYDROXYL CONTENT OF RU2 U.E, CL/) 
WITH OUTGASS ING TEMPERATURE 
4.2.1 PRELIMINAR]ES 
Experiments were carried out in which the outgaasing 
temperature of 1 gram of rutile, CL/tI 412, was varied from 
295K to 1073K. 	In each reaction, the end point was 
identified by analysing the gas phase at reaction temper-
ature until no further reaction could be detected. The 
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vessel was then cooled to room temperature and the analysis 
repeated. The two sets of values of gas phase composition 
can therefore be used as a test of the calibration technique, 
because the analyses at reaction temperature referred to a 
higher gas phase pressure than the analyses at room temper-
ature. 	The results are compared in table 4.1, and the 
change in total pressure between 723K and 295K corresponded 
to a factor of 06. 	The important quantity derived from the 
values of de (defined in section 2.6.2) was the change in gas 
phase composition (do-de ) and since the value of d0 was 98% 
the calibration error in (d0-d5 ) was taken to be 5%. 
Table 4.1 also shows the change in total pressure 
eo which occurred during the reaction. There was a 
negative change in pressure after outgassing at 623K and 
above, but samples outgaased at 523K and below produced an 
increase in pressure. 	In order to examine this further, an 
experiment was carried out in which 1 gram of rut lie, CL/D 
412, was outgassed at 295K  for 1 hour, the vessel closed and 
then heated at successively higher temperatures. At the end 
the vessel was cooled to 295K and then to 77K. Throughout 
this procedure the desorption products were analysed by mass 
spectrometry, and the results are shown in figure L.l. 
Little change occurred in the mass spectra at 295 and 423K 
but heating at 523K and above produced carbon dioxide, carbon 
monoxide, water and hydrogen. All of the mass peaks except 
that of hydrogen were considerably reduced when the vessel 








h at'lh atilh at 
95K 1 423K 523K 1 
'1h at; i0Hha - 2h 




figure 14.1, mass spectrometric analysis of gases desorbed 
from rutile,CL/D 1412, when a sample was heated in a closed 
vessel;o, water; t, carbon monoxide; a , carbon dioxide; and 
,, hydrogen 
102 
Table 14.1 	The final compositions of the reactant gases, 
measured at reaction temperature and after 






at 295K kNm 
295 143 , 3 112'4 + 31 
295 	(1) 513 51'7 + 22 
295( 1 ) (ii) 401 415 + 3'0 
295 	(i) 538 53'4 + 18 
423 673 67'0 + 002 
523 753 754 - 0'3 
623 830 83'0 - 1l 
723 894 8909 - 07 
873 915 920 - 06 
1073 913 918 -0402 
(1) exchange on rehydrated samples 
(ii) H2 exchange of OD groups 
little carbon monoxide were in evidence at greater than back-
ground levels. After calibration the hydrogen was found to 
correspond to 12 kNm 2 at 295K,  i.e. 028 x 10 20 molecules. 
It was not possible to caculate the amount of water that had 
desorbed, since the water was observed to condense on the cold 
joint of the vessel and 80 its vapour pressure was not 
representative of Its concentration. 
4. 2 • 2 K INET IC ANALYSIS 
The kinetic studies and de1erm1nation of hydroxyl 
populations were largely conoernd with the analyses of the 
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first order reaction plots, but for illustrative purposes the 
plot of percentage composition versus time for the exchange 
of bydroxyl groups on rutile, CL/I) 412, outgassed at 623K is 
shown in figure 14.2. 	It is chosen because significant 
reaction occurred In all three temperature periods and the 
experiment was intermediate in the range of outgas sing tem-
peratures. The gas phase was analysed for 30 minutes after 
the point at 210 minutes in figure 4.2 but no further 
reaction was observed. 
The first order reaction plots for exchange on samples 
outgassed at 1073, 873, 723,  623, 5239 1423 and 295K are shown 
in figures 4.3 to 14..9, respectively. 	These reaction plots 
and some of those that follow can be classified into three 
types. The samples outgassed at 1073, 873 and 723K 
(figures 4- 3-5) produced only slight exchange in the first 
two reaction periods, but after a slow start, equivalent to 
an induction period of 30 minutes, the exchange proceeded 
with a k" value (equation 2.4) of approximately 3 x 10 	'm' 
In the third temperature period. For the purpose of later 
discussion, figure 14.4 is taken as representative of this 
type 1" plot. The sample outgaased at 623K (figure 14.6) 
produced an exchange plot to be classified as "typo 2". 
Steady exchange in the first period was observed, followed 
by a rapid approach towards an equilibrium In the second 
period. 	The reaction effectively stopped after 25 to 30 
minutes, but a second, well behaved, reaction was observed 
In the third temperature period. 	Similar plots were 
nia nn -nA 
time 
figure 4.2, percentage composition versus time for 
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figure 14.3, 0H-D exchange on rutlle,CL/D 412, outgassed. at 1073K (tables 4.2 and 4.4 









figure 4 4P OH—D exchange on rutile,Cl/D 412 9 outgassed at 873K (tables 4.2 and 4.4 
rows 9);x, indicates measurements close to the equilibrium composition 
KON 300 0 	 100 time (min) 
figure 4.5, OH-D2 exchange on rutile,C4/D 412, 
rows 8); x, indicates measurements close to the 













figure 14.6. OH—D2 exchange on rutile,CL/D 1412, outgassed at 623K (tables 14.2 and 14.4 












0 	 50 time (min)-' 	100 	 150 	 200 
figure 4.7, OH-D2 exchange on rutile,CL/D 412 9 outgassed. at 523K (tables 4.2 and 14.4 








figure 4.8, OH-D exchange on rutile,CL/D412, 
rows 5); ,1nd1caes measurements close to the 
723K 
X —x - 
. \1 1O 	 200 m.n1 









TYPE 3 EXCHANGE PLOT 
Sb 	 1'OO time (min) 	150 
X 	
200 
figure 4.9. OH—D2  exchange on rutile,CL/D 412, outgassed at 295K (tables 42 and 4.4 rows 1): x, indicates measurements close to the eauilibrium comoositinn 
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observed after outgassing at 523K and 423K - but with in-
creasing overlap of the reactions of the second and third 
temperature periods, so that after outgasslng a sample at 
423K the reaction was effectively at equilibrium within the 
first 10 minutes of the third temperature period. This 
trend was completed by the reaction of a sample outgassed at 
295K. A well behaved exchange process occurred in the 
first temperature period which proceeded rapidly towards 
equilibrium in the second, so that no further reaction was 
observed after 30 minutes of this period. Figure 4.9 is 
taken as representative of this, "type 3", reaction plot. 
In some of these experiments, and particularly those 
shown in figures 14.6 and 7, there were at least two exchange 
processes occurring on the one sample. 	These correspond to 
the reactions which were most readily followed in the first 
and third temperature periods. There were also experiments 
in which only one of these reactions could be distinguished 
(e.g. figures 1.4. and 4.9.). 	In all of the above reaction 
plots the experimental data was analysed substituting only 
the final value of de into equation 2.5 of section 2.6.2. 
Those experiments in which two exchange processes could be 
distinguished were further analysed by using a value of de 
appropriate to the first process alone. 	Accordingly, in 
figure 4.10 the exchange reaction of figure 14.6 has been re-
plotted using a value of de  corresponding to the plateau in 
the second temperature period, since the plateau effectively 







figure 4.10, 0H-D, exchange on ruti].e,C1 1/D 
analysed using a 'flnal composition value 
process 
40 time (minj1 60 
412, óitgassed at 623K 
of d (d) appropriate to 
0, and at 523K ; both 
the first exchange 
IC 






	 therefore, composition at end of first, 
process, and in the absence of the second, 1 
=d' =83±2 
bo 	 e 
0 I 
0.5 
0 	 20 	 40 
time-(min)-160 
	 80 	 100 
figure 14.11, the determination of the equilibrium composition for an exchange process 
which overlaps with a slower reaction, (for the reaction shown in figure 4,7) 
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the first process was 893%, whilst the final value was 830%. 
Where there was no distinct plateau in the second temperature 
period to mark the end of one process and the beginning of 
another, a d0 value for the initial process was found by an 
extrapolation technique illustrated in figure 4.11 for the 
sample outgassed at 523K. This enabled the determination of 
an effective zero of time for the second period and hence the 
value of log (d;-d.), where d denotes the composition of the 
gas phase for the completion of the first reaction in the 
absence of the second. For the reaction in figure 4.11 the 
value of d was found to be 831 0 + 20, whilst the overall 
value was 75 0 3 + 0 4 5, and the reaction plot of log (d-d) 
versus time is shown in figure 4. 10 . 
Using these techniques it was possible to calculate the 
values of Ic" for all of the reactions studied, and these are 
listed in tables 11.2 and  3, for reaction at 523 and 723K 
respectively. 
Values of Ic' are quoted In third columns of tables 1.2 
and 3 and the values of the initial rate, r, derived from 
the graphs of percentage composition versus time, are quoted 
in the fourth columns. The precise determination of the 
initial rate was complicated by the devious kinetics found 
in the initial stages of nearly all of the reactions. 	The 
reaction of the first 10 minutes of the first temperature 
period proceeded at an anomalously fast rate, and the reactions 
observed in the third temperature period exhibited an in-
duction period in many cases. The values of r quoted in the 
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Table 4.2 Kinetic data for OH-D 2 exchange on rutile, 











295 6' 9+0 5 4' 0±0 "  3 3 1+0' 7 12±2 
295 	(1) 13±1 6'5+05 3'1+07 20±3 
295( 1 ) (ii) 1511 9•2±06 35±08 31±3 
295 	(1) 12±1 5"6±0'4 2'2+05 193 
423 11±1 2'8±03 1'3±003 85±10 
523 11+1 1'5+0•2 0'8+042 5+06 
23 7+1 0'6+01 039±004 1'8±03 
723 - - - - 
873 - - - - 
L073 37±20 0+0'2 0 ' 08+0 ' 04 12+06 
(1) experiments on rehydrated samples 
(ii) H2 exchange of OD groups. 
Table 4.3. Kinetic data for OH-D2 exchange on rutile, CL/ 









(1014 O 	at oms 
623 18+2 141+0'2 - 34+06 
723 3±9 2930'3 0'8+04 7'1±0'9 
873 19+2 1'3+03 O'6±0'3 3'9±0'9 
1073 32±3 2'103 0 '7±0 '4 61±0'9 
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tables were estimated from the later stages of the reactions 
and are not, therefore, very accurate. 	The absolute rate, 
k, is listed in the fifth column of these tables. 
4. 2 .3 HYDROXYL POPULATIONS 
The method of calculating the hydroxyl populations has 
already been described (section 2.6.2) and it has been shown 
(Appendix B) that irrespective of the cause of the pressure 
changes observed between the beginning and end of the 
exchange runs, only the one equation is needed to determine 
the hydroxyl population, a. The values of the total hydroxyl 
populations of rutile, CL/D 412, are presented in table 4-4 
and figure 4 .12. 
It can be seen that despite marked changes in the 
surface areas of the samples outgassed at high temperatures, 
the residual hydroxyl population per gram remained effectively 
unchanged. However, at lower outgassing temperatures signifi-
cant changes in the bydroxyl populations were observed. In 
the last two columns of table Ij.4 the hydroxyl populations 
have been further analysed to give concentrations of the 
slow, A, and the fast, B, exchange processes identified from 
the kinetic study (section 4.2.2). 	Using the d value 
determined above to mark the end of the fast exchange and the 
starting point of the slow exchange reactions, it was possible 
to calculate the hydroxyl populations from equation 2.7 of 
section 2.6.2. 	This is the simpler form of equation 2.8 
and it has no correction for a change in the number of gas 
phase molecules, but at the early stage of the reaction to 
I; 
Table 4.4 Hydroxyl populations of rut lie, CL/D 412, after 


















(OH per nm2) -1 - 
295 25 41+03 - (16'6+1'3) 
[15 61'5 
295( 1 ) 228 27j02 - (12O±l'O) 
[lO'9+l2] 
295( 1 )( 11 ) 228 2 7±02 j 	- (11'9+09) 
[10'a±l.l:l 
295 (1) 228 2'7+02 - 
[io'8+i•i] 
423 25 l'L.jO•l O' 31±O' 06 13 0 4 
523 25 083+0 06 O'35±005 19+0'2 
623 25 051+O'04 025+0'04 l'O+O.i 
1723 25 
87 139 021+002 0'21+O'02 < 0'05 
1073 6e6 022±0'02 O18±O'03 012+0'08 
(1) experiments on rehydrated samples 
(Ii) H2 exchange of OD groups 
( ) type B calculated from the total OH value 
[ ] type B calculated by subtracting the residual 
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total hydroxyl population of rutile,CL/D 412, versus outgasaing temperature; 
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300 	 500 	 700 
outgassing temperature(K) 1 
figure 4.13, type B hydroxyl population of rutile,CL/D 412, 
versus outgas sing temperature; o, 	
9 
surface area = 25m 9-1 ; at 
surface area = 22.8m 29 1 ,and the measurement was of a rehydrate 
sample;(),, a calculation based on the total population;[], a 
calculation based on the total population minus the residual 
hydroxyl concentration 	 - 
1 


















0.0 	 0.5 	 1.0 
log(b(OH per 2)-1) 
figure Li..lLi, dependence of the initial rate( , qEr)and of 
the absolute rate( o, qk) on the hydroxyl population 
109 
which it was applied there was unlikely to have been such a 
change. The calculations of populations B for samples out-
gassed at 295K  were carried out using the values of the total 
hydroxyl population, and also, using these values minus an 
assumed' type A population of 020 x 10 9 
Type A populations were calculated in units of 
10 20 OH g 1 because they were found to be almost independent 
of the surface area. Type B exchange was calculated in 
units of OR per nm2 and the results are presented graphically 
in figure 14.13. 
For the purpose of these calculations, the fact that 
reaction in the first temperature period was, itself, split 
into two regions was ignored. The faster exchange occurred 
in the first 10 minutes of reaction time, but it was found 
to represent only a very small proportion of the type B 
hydroxyl population. The values obtained were in the range 
Of 0•05 to 0•3 OH per nm 2 (typically 01 OH per nm2 ). 
Plots of log r and log k versus log b are given in 
figure 4.14, where b represents the type B hydroxyl population. 
The following relationships were derived, 
r o<.. b(08+0*2) 
O' °-'-- O2 and kb' ' 
4. 2 .4 COMPLEMENTARY STUDIES 
At this Stage in the investigation the main study of 
hydroxyl populations was complete, but further studies were 
carried out with the purposes of, 
testing the reproducibility of the above results, 
110 
relating the results to previous studies, and 
testing for an isotope effect. 
An experiment was carried out in which a sample of 
rutile, CL/D 11.12 was outgassed at 723K, but the oxygen  treat-
ment was omitted. The reaction was essentially of type 1, 
and is shown in figure 4.15. There was no reaction in the 
first temperature period, but the first order plot indicated 
a small amount of exchange in the second period, corresponding 
to ( 0 ' 037±0009) x 10 20 H g or 0'14+0'04 H per nm 2 . 	This 
gave way to a very slow reaction which continued into the 
third period. 	The first order plot for the fast reaction 
is shown in figure 4.16. 	The plot is scattered because it 
represents a total conversion of only 11%, however the 
value of k was found to be (3'0+05) x 10 atoms 
The slow reaction in the second temperature period proceeded 
with k = (9+2) x 10 12  atoms sm 2 and the population was 
(027+0'04) x 1020 
Up to this stage of the study, the question of an iso-
tope effect has bean ignored in the kinetics, and hydroxyl 
populations have been calculated assuming there was no iso-
tope effect. 	Two sets of experiments were carried out in 
connection with the isotope effect. The first set of 
experiments were designed to study the effect of a series of 
rehydratlons on rutile. After a sample of CL/D 11.12  had 
been outgassed at 295K and had undergone exchange in the 
normal manner (the results have been presented in table 4.2 













figure 4,15, OH-D2 exchange on rutile, CL/D 412, outgassed at 
723K but not oxygen treated; the reaction was followed for a 






70 	 90 	 10 
- - 	 time (min) 
figure 4.16, OH-D2 exchange on rutile, CL/D 412, outgassed at 
723K but not oxygen treated; the reaction was followed at 623K 
and is analysed using a final composition value of d (d) 
appropriate to the first exchange process 
111 
treated and rehydrated prior to a second exchange experiment 
(table 4.2 row 2 and table L.L. row 2). 	This process was re- 
peated but D2 and D20 replaced H2 and 1120  respectively (table 
4.2 row 3 and table 	row 3). A final exchange experiment 
was carried out after rebydrogenation, oxygen treatment and 
rehydratlon (table 11.2 row L. and table 4.4 row Ij). There was 
no evidence of a significant isotope effect - neither from 
the kinetic data, nor from the hydroxyl populations. However 
the results did show a significant drop in surface hydroxyl 
population for the rehydrated samples. 
In the second test of the isotope effect, a known 
quantity of D20 was adsorbed on to 1 gram of rutile, CL/D 412, 
and an exchange reaction followed with 112  in the gas phase. 
The sample was first outgasaed at 723K - and oxygen treated 
in the normal manner. 	It was then exposed to an amount of 
D20 equivalent to (1 14±004) x 10 20 D atoms, all of which was 
adsorbed at 295K.  A type B exchange run was observed, and 
this is shown in figure 14.17. 	The value of k for reaction 
at 523K was (9•9+o•5) x lO atoms 8rn 2 ; and assuming, as 
was indicated above, that the type A hydroxyl group population 
was still present in the exchange, but not distinguished from 
type B, a value for the number of deuterium atoms of (114±006) 
1020  was calculated. 	This was the same as the amount 
adsorbed. The value for the type A population was taken as 
(0-24±0-0 3) x 10 20 OD g' (table 4.4 row 8). If it Is 
assumed that the type A population was not present, or that 
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as (1•06±005) 	io OD g. And the overall pressure 
change during the course of this reaction was (-0'7) kNm 2 . 
Two experiments were carried out to look more closely 
at the exchange processes Identified as 
In the first, a sample was outgassed at 
was followed at 473K, instead of 523K - 
the first reaction period in all of the 
Figure 4.18 shows this reaction plotted 
value of d, derived in figure I.19 by 
technique. This plot was curved but a 
type A and type B. 
423K and the exchange 
the temperature of 
other studies. 
for the experimental 
he extrapolation 
d value of 71% was 
found to give a linear plot, and this value was within 
experimental error of the calculated value. The value of 
k at 473K was (1'6+0'1) x 10 atoms sm 2 . 
The first order plot for the second reaction period, 
which was at the usual temperature of 623K, is shown in 
figure 4.19. The type B population was 52±03 OH per nm2 , 
but there is a serious error In this value owing to the 
extended reaction time of 15 hours and the consequent loss 
of gas phase material into the mass spectrometer. The 
result quoted above should be too large by 10-15%. 
In the other experiment a sample of rutile, CL/D 412, 
was outgassed at 723K  and the exchange reaction followed at 
823K. There was no induction period and the value of k was 
14 
(17t3) x 	atoms 	 This was approximately twice 
the value for the reaction at 723K and corresponded to an 
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figure 4.18, 0fl-D 0 exchange at 473K on rutile,CL/D 1412, outgaseed at 1423K; analySed with 
de'= 69, 0, and wthd l = 71, 
- - - 	effective zero of time for 
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figure L..j9, the determination of d for the OH-D 2 exchange reaction shown in figure 4 . 18 
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Li.. 3 DEUTERIUM-HYDROXYL EXCHANGE STUDIES ON RIYPILE., CUD 412B. 
The preparation of CL/D 412B from CL/D 412, in order to 
remove its chloride impurity, has already been described 
(section 2.2). 	Immediately after its preparation a sample 
was outgassed and oxygen treated at 723K  in the normal manner. 
No reaction was observed In 1 hour of the first temperature 
period or in 2 hours of the second. After 35 hours of the 
third temperature period there was evidence of slight 
reaction equivalent to 003 x 10 oil g- 1 , but this was with-
in the limits of experimental error. 
The absence of type A hydrogen in this preparation was 
considered to provide a means of testing the assumption, above, 
that type A hydrogen was more activated towards exchange by 
samples outgassed at low temperatures than those outgassed 
at high temperatures. After outgasslng a sample at 423K a 
type 3 plot should have been obtained, and not the type 2 - 
obtained for rutile, CL/D 412, at this temperature. However, 
when 1 week later the experiment was performed, a type 2 plot 
was obtained and It Is shown in figure 4.20. The value of 
k for reaction at 523K was ô'l x lO atoms sm 2 . 	The 
total hydroxyl content was (1'78+0'15) x 1020 OH g with a 
type B population of (7.8+0'6)Ofl per Tim2 and a type A popu- 
lation of (0'32+005) x 1020 OH g. 	Subsequently, a sample 
was outgassed at 723K,  as In the first experiment, but a 
type 1 reaction pattern was observed - figure 14.21. There 
was some exchange in the first two temperature periods but it 
represented only a small part of the total, which was 
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figure 4,20, OH-D2 exchange on rutile,CL/D 412E, 
preparation; x, indicates measurements close to 
100 
outgassed at 423K one week after its 












figure 4.21 v OH-D2 exchange on rutile,CL/D 412B, 
preparation; x, indicates measurements close to 
0 
150 	 200 
time (min) 
outgassed at 723K two weeks after 
-10,0 
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figure 4.22, 0H-D2 exchange on ruti1e,Cl/D 478/1, 
time (min)1 	150 	 200 
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figure 4.23,  OH—D2 exchange on ruti1e,CL/D 478/1, outgassed. at 723K; x, indicates 
measurements close to the equilibrium composition 
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figure 4.24, OH-D2 exchange on rutile,CL/D 478/1, outgassed. 
at 873K; the reaction was followed for 465 mm 
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4.4 DEUTERIUM-HYDROXYL EXCHANGE STUDIES ON RUTILE, aLA) 478I] 
This study was carried out to investigate the effect 
of the sulphate Impurity which, from Investigations described 
In later chapters, was known to seriusly affect the catalytic 
properties of this preparation. 	1 gram samples were out- 
gassed at 295, 423, 723 and 873K in the normal manner, and 
the first order plots are presented in figures 4.22,  2.3 and 
24. 	Samples outgassed at 295 and 423K produced slight 
exchange in the first. and second temperature periods but it 
was not possible to distinguish different hydroxyl groups by 
their reactivities. The sample outgassed at 723K produced 
exchange only In the third temperature period; and the 
sample outgaaaed at 873K was only studied in this period. 
The residual hydroxyl populations after 723 and 873K out- 
gassings were (0'29+0•03) and (0'180'02) x 1020 g]•, 	These 
being so close to the residual populations of CL/D  412 at 
similar outgassing temperatures, it was decided to assume a 
residual population of about 020 x 10 20 OR gand to 
analyse the first two experiments by subtracting the residual 
population from the total and calculate the remainder as a 
surface species. These calculations are presented in 
table 4.5, together with the kinetic data. 
1.5 DISCUSSION AND CONCLUSIONS 
4.5.1 THE TECHNIQUE 
The temperature period technique developed in this 
investigation has produced information about the iactivities 
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Table 4.5 Hydroxyl populations and kinetic data for rutile, 
CL//D  478/1 
Out- 'k (lOatoms 5m 2 ) Total surface 
gassing hydroxyl hydroxyl 
temper- at 	1 	'at 	at population population ature 523K 623K 723K 1020 oH9- ) (OH per nm2)l 
295 24±1'0 16+2 50±10 0'96+008 135±3 - 0 
423 - lO+I. 41+10 0 , 68+0-05 93 
723 - - 12±2 0 - 29+0703 16±1 
873 - - 4±1 018±0002 - 
Surface hydroxyl populations were calculated by aSsuming - a 
residual population of O'20 x 1020 OH g. 
and populations of the hydroxyl groups of rutile. The 
adoption of three temperature periods enabled the detection 
in one experiment of all of the exchangeable hydrogen and 
it enabled discrimination between those with different 
reactivities. 	It has the advantage over temperature pro- 
grammed techniques of being simpler in practice, theory and 
interpretation. 
The control experiments showed that there was no sig-
nificant exchange In the absence of rutile. The experiment 
which lasted for 8 hours Illustrated the marked change in 
spectrometer sensitivity which occurred from time to time, 
but it is Important to note that a similar occurrence in a 
reaction run would not affect the kinetics because the 
relative sensitivity towards the three mass numbers remained 
unaltered. 	Fuxtherinore, the spectrometer calibration was 
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carried out immediately after the equilibrium measurements 
of each run, so that the calculation of the hydroxyl popu-
lation was also unaffected by such alterations to the 
sensitivity. 	The comparison of the initial zero order rate, 
r, with k' and ktt in table 4.2 justifies the assumption that 
k' gives a measure of the initial rate and hence of the 
absolute rate, k. 
4. 5.2 THE NATURE OF THE HYDROXYL GROUPS 
The results are readily explained in terms of just two 
hydroxyl species which may be Identified with the type A and 
type B populations distinguished in the results (Table 4.4). 
Species A were internal to the solid and their presence 
was thermodynamically favoured by rut lie. The evidence for 
this interpretation was as follows, 
the population was constant with respect to the 
mass and not the surface area of rutile, CL/D 412, (table 14.4); 
similar residual populations per unit mass were 
obtained for preparations CL/D 412, CL/D 112B and CL/D 478/1; 
In the absence of other species, type A exchanged 
only with difficulty, figures 4.3, L. and 5; 
type A hydroxyls could be exchanged with D at 
723K but their number was not decreased by evacuation at 
10 73K; hence their presence In the rutile lattice was 
favoured; 
immediately after the preparation of CL/D 412B - 
in which the chloride concentration was greatly reduced - 
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type A hydroxyls were also found to bave been removed; but 
after one week in atmospheric conditions the population had 
returned to its original level - again Indicating that the 
species was favoured In the lattice of rutile. 
Type A hydroxyls were activated towards exchange by 
the presence of water. Evidence for this was found in the 
exchange of D20 adsorbed on a sample of rutile, CL/D 412, 
previously outgassed at 723K (figure 4.17). 	The type A 
exchange could not be distinguished from that of type B but cal-
oulabion of the concentration of D20, with the assumption that 
the residual type A population had undergone exchange, gave 
the correct value. The activation of type A exchange by 
water is further illustrated in table 4.6, where the activity 
has been correlated with the amount of water present In the 
reactions of figures 4.3-9. 	The quantities of water were 
calculated from the data in table 4.4. 
From table 4.6 it Is clear that water molecules and 
not hydroxyl groups were required for the exchange of the 
internal hydroxyl groups. The sample outgassed at 623K 
(row L) had surface hydroxyl groups but type A exchange did 
not occur until 723K when these would desorb to form water. 
And the sample outgassed at 723K  would have been covered by 
surface OD groups almost Immediately in the third temperature 
period, but exchange was preceded by an induction period 
which must correspond to the formation of D20. 
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Table 4.6. 	Correlation of the exchange activity of type A 
hydroxyls with the amount of water present 
during the reaction. 
TEMPERATURE PERIOD IN 
WHICH TYPE A EXCHANGE 
WAS OBSERVED 
295K outgassing, and type A 
exchange was indistinguishable 
from type B 
23K outgassing, and type A 
xchange was just distinguish-
ble from type B in the second 
eriod 
523K outgasaing, and type A 
exchange was readily distin-
guished from type B in the 
Isecond period 
23K outgasslng, and type A 
xchange was not observed 
ritil the third period 
723, 873 and 1073K outgasaing, 
and type A exchange was not 
observed until the third period, 
and then only after a 30 minute 
induction period 
AMOUNT OF WATER DBORBED 
FROM THE SURFACE 
(nm2) -1 
68 1120 were formed from 
(15 0 6-19)OH in the first 
period 
12 1120  were formed from 
(4'3 -1'9)OH in the first 
period 
no 1120  were formed in the 
first period, but 0'5 1120 
were formed from (19-10) 
OH in the second 
no 1120  were formed in the 
first or second periods, 
but 05 H20 were formed 
from (10-O'O) OH in the 
third period 
no 1120 were formed in the 
first, the second, or the 
third periods, but surface 
reduction would have formed 
D20 in the induction period 
119 
Although in the presence of water the internal hydroxyl 
groups could be exchanged at 523K, their concentration was 
almost unaffected by outgassing at 1073K, and the only 
circumstance In which they were removed was in the extended 
outgasslng treatments designed to remove chloride impurity. 
Any mechanism for the exchange process must therefore Involve 
diffusion of deuterium Into the lattice to meet the hydroxyl 
group, rather than the diffusion of the hydroxyl group to 
the surface. 	Possibly D 2 0 co-ordinates to a surface 
titanium Ion and decomposes to give a surface deuteroxyl 
group plus an internal deuteron, 
(Ti-D.p) 	= (Ti_0D) r ace  + 4nternai surface 
(Ti-.0D)3 	+4nternal = (Ti_0D) rface surface 
Taking the type A population to be 02 x 10 20 OH 
and assuming this is the equilibrium concentration at 295K, 
a simple Boltzmann calculation indicates that the energy of 
the hydroxyl groups is 22 kJ mol above that of the lattice 
oxygen ions. 
These results find support in th,é infrared studies of 
rut lie powders In which it was found that all of the hydroxyl 
groups of rut lie could be exchanged by D20 and all except one 
species could be exchanged by D2 (23);(24)(44), section 1.2.2.2. 
Jackson and Parfitt (44) exchanged rutile with D 2 at 573K 
and observed the disappearance of all of the absorption bands 
except that at 3350 cm- 1, which did not disappear until 673K. 
The authors suggested that this was dt,e to water adsorbed in 
uiicropores, or to hydroxyls at interpartioulate contact; but 
120 
neither of these explanations would fit the present results. 
Jones and Hockey (24)(29) suggested that the species arose 
from aggregation of the powder on standing but, again, this 
would not fit the present results, and there Is no evidence 
of aggregation to support the explanation. Von Hippel, 
Ka].najs and Westphal (2) and Sot fer (22) identified two 
absorption bands at 3276 and 3317 cm with internal hydroxyl 
groups of rut lie single crystals. Softer calculated there 
to be 35 x 10 16 OH g, and this agrees with values derived 
from conductivity measurements on single crystals (21), but 
it is smaller than the value found above by a factor of 1000. 
The marked difference between the hydroxyl populations of 
single crystals and powders and the different absorption 
spectra, Indicate that the species Internal to single 
crystals is not the same as the species internal to powders. 
Type B exchange can be attributed to surface hydroxyl 
groups because it exhibits the higher reactivity and its 
population had a marked dependence on the outgassing temper-
ature, as shown in figure I.13. 	Included in the calculations 
of the populations of species B was a small amount of faster 
exchange In the first ten minutes of the initial temperature 
period. However this represented only a small proportion 
of the exchange (typically equivalent to 01 OH per mu 2 ) and 
it has not been reported as a separate species. Possibly 
it does not represent another type of hydroxyl group but may 
Arise from exchange during surface rearrangement as the 
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sample rose to the reactiou temperature. Apart from this, 
the reactions of species B were well behaved and it was not 
possible to distinguish more than one type of surface hydroxyl 
group. There was slight curvature of the first order 
reaction plot for a reaction at 473K  (figure 4.18) and this 
could be interpreted as evidence of more than one type of 
hydroxyl group, but the curvature could be removed by using 
an equilibrium value of d.1 which was within experimental error 
of the practical value. Though these results provide no 
evidence for the different species, they do not conclusively 
disprove their absence since it is possible to explain the 
above results by a mechanism in which different surface 
hydroxyl species would be in rapid equilibrium with one 
another, and just one species would react slowly with the gas 
phase deuterium. However, Primet et al. (42) found that 
deuterium reacted with rutile to produce surface OD groups 
at lower temperature than the exchange process. 	It follows 
that the OH-D2 exchange reaction was faster than OH-OD 
exchange reaction, and so from the argument given above there 
unlikely to be more than one type of hydroxyl species on 
rut ile. 
There were two distinctive features in the hydroxyl 
population plot of figure 4.13: the nearly complete dis-
appearance of surface hydroxyl groups after outgassing at 
723K, and the marked drop in hydroxyl population between 
295 and L23K outgassing temperatures. The latter represents 
the desorption of physisorbed water as opposed to the con-
densation of hydroxyl groups - though it is not possible to 
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estimate how much overlap there was of the two processes. 
The total surface coverage after outgassing at 295K  was 
equivalent to (156+15)011 per nrn2 and this comperes well 
with the value of (7'7+10) H20 per urn2 obtained in the 
gravimetric studies (section 3.2.1). 	Morimoto et al. (37) 
determined a monolayer bydroxyl coverage of 7 OH per nm 2 on 
a sulphate preparation of rutile. This plus the 4'5 1120 
per urn2 in the physisorbed monolayer is equivalent to 16 OH 
per nm2, which also agrees with the value derived above. 
Jones and Hockey (46), however, found a total coverage 
equivalent to only (6'2+0'2) 1120  per 	The authors 
fully aoóounted for this value in terms of their surface 
model (section 1.2) but this value is lower .than that found 
by most other workers. The temperature programmed desorption 
study of Nunuera and Stone (45) showed that rehydration of a 
Surface evacuated at 673K gave a surface hydroxyl coverage of 
5 OH per nm 2 , and Gonzalez and Munuere (36) determined a 
hydroxyl monolayer of 5 OH per nm2 plus a physisorbed layer 
of 5 H 2 0 per urn2 , by the same technique. 	This latter result 
amounts to a total water content equivalent to 15 oii per 
which Is in good agreement with the present work. 
It was not possible to identify the reason for the 
lower surface coverages after rehydratlon of the sample out-
gassed at 295K (table.4.4 rows 2, 3 and Li.) but two possible 
explanations exist in the literature. 	Primet et al. (42) 
have shown that dehydration_rehydration cycles irreversibly 
produce unsaturated].y co-ordinated titanium ions, which do 
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not chemisorb water. Thus the lower surface coverages 
after rehydrat ion may correspond to the loss of 4'8 OH per 
However, after the first experiment the sample would 
also lose much of its chloride content, and Jones and Hockey 
(24) have shown that chloride free samples retain less mole-
cular water than chlorine contaminated samples. In this 
event the lower surface coverage could correspond to a loss 
of 2'4 1120 per nm2 of physisorbed water. 
After the sharp drop in surface coverage between 295 
and 1423K outgassings, the plot in figure 4.13  shows a steady 
trend towards almost zero coverage at 723K  outgassing. 
Because of the lower coverages at these temperatures it is 
reasonable to assume that the populations were made up 
entirely of surface hydroxyl groups. There are not many 
studies in the literature with which this section of the 
results can be compared: the surface coverage of 
(1'902) OH per nm2 after a 523K  outgassing was a little 
higher than the value of 1'65 OH per nm2 found by Noriinoto 
et al. (37) for the same temperature (figure 1.10). 
The residual coverage of surface hydroxyl groups 
after outgassing at and above 723K was very small and Irre- 
producible (rows 8, 9 and 10 of table Li..L). 	After outgassing 
at 873K  none could be detected, and the limit of sensitivity 
corresponded to 005 OH per nm2 , in this experiment. 	It 
was thought that the hydroxyl exchange that was observed 
after other outgassing temperatures might arise from a 
carbonaceous residue formed on the surface from grease during 
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the outgasslng process. 	It would have been burnt during 
the oxygen treatments to give water and carbon dioxide and 
the water would adsorb on the surface to give the small 
hydroxyl population observed in two of the experiments. This 
explanation was confirmed by the experiment on a sample out-
gassed at 723K and not oxygen treated. No exchange was 
observed in the first temperature period, but a limited 
reaction, corresponding to (0'14±0'04)  H atoms per urn2 was 
observed in the second period (figure 4.16). Lake (98) 
found that the deuterium exchange of propane on rut lie, CL/D 
34, occurred at a similar temperature, and this supports the 
identification of the reaction observed in this work with 
the exchange of a carbonaceous residue. 	It follows that 
within the sensitivity of the technique no surface hydroxyl 
groups remained on rut lie after outgassing at 723K. 
The reactions observed on rutlie, CL/tI 412B, cannot be 
directly correlated with the other studies because this 
sample contained a very high silica content. However, as 
with CL/D 412, no hydroxyl groups were detected after out-
gassing at 723K. 
The sulphate impurity of rutile, CL/b 4784, had a 
marked effect on the reactivity of the hydroxyl groups, so 
that in all of the experiments the major part of the reaction 
occurred in the third temperature period, and different 
species of hydroxyl could not be distinguished. The low 
surface area and the uncertainty in the analyses of type A 
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and type B hydroxyls Introduced a large error Into the 
calculations. 	The coverage after outgassing at 295K was 
similar to that of CL/D 412 and the coverage after out-
gassing at 423K was higher. 
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CHAPTER 5 
OLEFIN REACTIONS ON RUTILE - PART I. PRELIMINARY STUDIES 
During the course of the investigations reported in 
later chapters of this thesis it became apparent that the 
catalytic activity of x'utile was not a reproducible property, 
An important aim of the present investigation was to quantity 
the extent of the reproducibility. 
5.1 BUT-1-ENE ISOMERISATION 
5.1.1 PYREX GLASS 
But-i-ens was maintained at 723K in a pyrex glass 
reaction vessel for L hours. No reaction was observed 
although at the limit of sensitivity a conversion of 05% 
could have been detected. 
5.1.2 RUTILE, CL/) 412 
The isomerisation reactions of but-i-ens at 423K on 
samples of rutile, CL/D 412, are shâwn in figures 5-la and 
b, and 5.2a and b. The samples were outgassed at 723K, 
but the reaction in figures 5-la  and b was on a sample that 
had not been pretreated with oxygen. The reaction in 
figures 5.2a and b was on a sample which had received the 
standard pretreatment. The first order plots show no 
deviation from linearity until after 70% conversion. 	In 
order to check if this was due to poisoning of the catalyst, 
an experiment was carried out in which the reactant mixture 
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figure 5.1, isomerisation of but-1-ene at 423K on rutile, 
CL/D 412 9, outgassed at723K and not oxygen treated; .a percentage 
composition versus time, b 1og(xx) versus time; 
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figure 5.2. Isomerisation of but-1-ene at 423K on rutile, 
CL/D 412, outgassed at 723K and oxygen treated; .a percentage 
composition versus time, b 1og(xx) versus time; 
o,but-1-ene, As, trans-but--2-ene, o, cis-but-2-ene 
1 15  
r1 	14 
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l/T (lo 3K)-  
figure 5.3, Arrhenius plot of but-1-ene Isomerisation on rutile, 
Cl/D 412; 0, oxygen treated; zsp without oxygen treatment 
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mixture was evacuated and a fresh dose of but-l-ene admitted. 
The value of k (from equation 2.2, section 2.6.1) fell from 
24 to 21 x 1015  molecules s 1m 2 between the two experiments. 
The reproducibility of the experimental technique can be 
judged from the data presented in tables 5.1a and b, which 
give the k values and cis/trans-but-2-ene initial product 
ratios for experiments carried out on separate samples of 
CL/I) 142 at 423K. 
Table 5.1. Isomerisation of but-l-ene at 123K on rutile, 
CL/D 412, outgassed at 723K. 
oxygen pretreated 
k (1015  molecules sm 2 ) 	26(1) 24 2'7 26 
cis/trans 	 50 	4'5 14'1 5'0 
not oxygen pretreated 
Ic (1015 molecules sm 2 ) 	1 0 5(1 1 ) 1 0 5 	14 
cis/trans 	 50 	62 42 
(1) presented In figures 5.2a and b. 
(ii)presented in figures 5.la and b. 
The diffusion of reactants through the glass wool plug 
in the reaction vessel was shown to have negligible effect on 
the reaction rate by an experiment in which the plug was absent 
The value of Ic at 42 3K was 2'7 x 1015 molecules sm 2 and 
the cis/trans ratio was 50. 
In chapter L. it was shown that samples of rutile which 
had been outgassed at 723K and not oxygen treated had a small 
amount of carbonaceous residue on the surface - probably 
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derived from stopcock grease. 	The effect of grease was 
examined by an experiment in which, after an outgassing at 723K 
the reaction vessel was closed for 3 hours, whilst maintaining 
the temperature at 723K. 	The k value of 19 x 1015 molecules 
sm 2 was similar to that of a sample which had not been 
oxygen treated, and the cis/trans-but-2-ene initial product 
ratio was 6'1. 
An Arrhenius plot obtained for the reaction over CL/D 412 
is shown in figure 5.3, with log k plotted against 1/P. From 
the linear plot obtained in the temperature range 368 to 4231C, 
it follows that, 
k = 102I'6exp - [(73,500 ± 3,700)/RTI molecules 
A similar plot for the reaction over samples of CL/D 412 
which had not been oxygen treated is also shown, and it obeys 
the relationship, 
k = 10226 exp - [(60,000 + 4,000)/RP] molecules 
The kinetic data for the reactions is presented in tables 5.25 
and b where k is the absolute rate and r the initial zero 
order rate. 
5.1.3 RUTILE, CL!']) LiI2B 
Isomerisation reactions were carried out over rutile, CL/I 
412B, and samples taken at various stages in its preparation 
from CL/D 412. However, no significant change in the catalytl 
properties of the material was observed. At the end of the 
preparation procedure, the value of k at 423K, for an oxygen 
pretreated sample, was 2 x 1015 molecules am 2 , and the 
cis/trans but-2-ene initial product ratio was 50. 
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Table 5.2. Kinetic data for but-l-ene isomerisation on 
rutile, CL/D 412. 




(10 5 molecules 







368 0 ° 14 014 7'7 
378 024 0'25 515 
388 055 0'43 55 
398 0'83 0469 46 
408 1'5 0'93 38 
423 26 1'7 4 - 0 
experiments on samples which had not been oxygen 
treated 
Reaction 





K 1 sm2) 
-1-2 ) -1 ratio 
358 0'073 0079 9 
358 0 , 061 0'054 11 
423( 1 ) 1'5 1'4 5'0 
423 15 097 6.2 
14.23 1L 13 4 -6 2 
(1) also presented in figures 5-la  and b. 
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RUTILE, CUD 478/1 
Experiments on rutile, CL/D 478/1, immediately after its 
preparation showed it to be unusually inactive towards but-].-
isomerisation, such that no reaction was detected in two bour 
at 423K. However, the catalyst became activated with reaped 
to reaction time so that there was 5% conversion after L.  hour 
at 1423K. 	Similarly, there was no detectable reaction in 3 
hours at 423K over any of the other preparations, CL/i) 478/2,.: 
and ti., from the original batch. 	The studies carried out in 
the 18 month period after its preparation showed that the 
activity of CL/D 478/1 fluctuated with time. The results ar 
presented in an t&rrhenius type plot (figure 5.4). Early 
experiments were carried out before the Importance of oxygen 
treatment was realised and the different pretreatments are 
distinguished in the plot. The general trend was that of an 
activation with respect to time. The highest activity was 
recorded 12 months after preparation, although after a 
further 6 months, during which the stock bottle was not 
handled, the activity was found to have returned to its 
original level. There was no significant change in the cis/ 
trans-but-2-ene initial product ratio, which typically had 
values of about 3.. 
In order to test if the inactivity was due to sulphate 
impurity, a sample of anatase, CL/D 30, which contained a 
similar amount of sulphate, was examined for its activity. 
It was not oxygen treated and had similar activity to CL/D 412 
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figure 5.4,Arrhenlus plot of but-i--ene isomerisation on 
rutile,CL/D 1478/1, showing the change in activity with time 
o, I month after preparation (no oxygen tx•eatient) 
, 8 months after preparation oxygen treated) 
o,12 months after preparation oxygen treated 
o,18 months after preparation oxygen treated 
*930 months after preparation Ino oxygen treat- 
ment) 
:'-131  
sample of rutile, CL/D 412,  was washed with dilute sulphuric 
acid, but there was no significant change in its activity. Hoi 
ever, it was found that washing CL/D 478/1 with distilled 
water increased its activity to that of CL/D 412,  with a k 
value of l]. x 10 15 molecules at 423K., on a sample 
which had not been oxygen treated. That washing was the 
Important process, and not just treatment with water, was 
shown by two other experiments. 	In the first, CL/D 478/1 was 
subjected to 1 atmosphere of steam at 383K for 2 hours. The 
activity of the catalyst was the same as that of the untreated 
material. 	Similarly, a treatment In which the catalyst was 
wetted with water prior to the outgassing produced no increase 
In activity. 
It was decided to compare the activities of CL/D 478/1 
and CL/D 422 with respect to an entirely different reaction, 
and the exchange of acetone with deuterium oxide was chosen. 
5.1.5 THE ACTIVITIES OF RUTILE, CL,'D 47811 AND CL/D 412, FOR 
ACETONE-DEUTERIUM OXIDE EXCHANGE 
The plot of percentage composition versus time for this 
reaction on CL/D 478/1 at 298K is shown in figure 5.5.9 and 
the first order reaction plots for the appearance of the 
deutero-isomers and disappearance of the light isomer are 
shown in figure 5.6. 	The kinetic data for this reaction and 
those on CL/D 412 and on CL/D 478/1 washed with distilled 
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time (mm) 
figure 5.5, acetone-D20 exchange at 298K on rutile,CL/D 478/1, 
0 	 100 	 200 
time (mm) 
figure 5.6, first order reaction plots of the reaction 
shown in figure 5.5, with acetone d-0 analysed as log(x), o 
and with the deuterium content analysed as iog( ( 4), A, 
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Table 5.3 	Kinetic data for the exchange of acetone with 
deuterium oxide on rutile preparations at 298K. 
Preparation r 
(10 15mole- (10 5mo1e- (10 15 mole- 
cules cules oule8 
S_ 	in .' -2 	-]. -1 m 	j -2-1 S S-1  - -2 )-1 
CL/D412 25+10 19+2 16±2 O' 85± 012 
CL/D 478/1 82 + 05 8'1 + oL 83 + O'L. lOLt. + 008 
CL/D 478/1  37 + 04 43 + 05 46 ± 0'4 11 	+ 01 
(washed) 
There was no significant difference between the catalytic 
activities of these preparations for acetone - D 2 0 exchange. 
the ko /kx ratio indicated that the number of deuterium atoms, 
which exchanged with an acetone molecule at each visit to the 
surface, was close to unity on all of the catalysts. 
5.1.6 A COMPARISON OF THE ACTIVITIES OF 11 RUTILE PREPARATION !  
TOWARDS BUT-1-ENE ISONERISATION 
After the anomalous results on CL/D 478/1 described above, 
the reproducibility of rutile as a catalyst was tested for 
but-1-ene isomerisation over 11 different preparations. The 
results are presented as Arrhenius plots and kinetic parameter 
in figure 5.7 and table 5.4. 	Host of the preparations had a 
similar catalytic activity to that of CL/D 412, but CL/D 478/1, 
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figure 5.7, comparison of eleven preparations of titanium 
dioxide in respect of their activity towards but-1-ene 
isomerisation: c. CL/D 1478/1; 6v CL/D 1412; 0, CL/D 572; 0, 
CI'D 5814; 0, CL/D 30; ', CL/D 603/1; c',  CL/D 1473; i ,CL/D 125; 
, RD 198L/3; t ,CL/D. 55; IJ, CL/DD 14014; 
Table 5.4. Kinetic parameters for but-i-one isomerisation 
on preparations of titanium dioxide. 
Code IC 
 molecules 











S 	m 	/ 
CL/D 572 400 10 150 36 
CL/D 412 2'3 505 74 24'6 
CL/D 603/1 37 - - 
CL/D 125 22 5 50 21'5 
CL/D 30 (1) 15 3 - - 
CL/DD 404 24 5 64 234 
CL/D 585 22 5 55 221 
CL/D 584 12 25 35 194 
RD 1984/3 0'1 3 69 22'6 
CL/D 473 0'018 4 60 20'7 
CL/D 478/1 (ii) 0'015 3 50 194 
(1) anatase, all other samples were rutile 
(ii) not oxygen treated. 
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5.2 THE REACTIONS OF 013- AND TRANS -BUT -2-ENFS AND OF ISO- 
BUTENE ON RUT ILE A  CL/I) 1.12. 
The isornerisation reaction of ois-but-2-ene to trans-but-
2-one and but-i-one is represented as an Arrhenius plot in 
figure 5.6. 	The reaction obeyed the relationship, 
k = 1022 ' 7 exp - [(66,000 ± 3,000)/RT) molecules 
in the temperature range 363 to 438K, with a but-l-ene/trans-
but-2-ene initial product ratio of about 4. 
Trans-but--2-ene isomerisation is represented in the same 
figure. 	It obeyed the relationship, 
Ic = 1021 	exp - [(57,000 + 2,000)/RT) molecules sm 2 
in the temperature range of 1423 to 483K, with cis-but-2-ene/ 
but-1-ene initial product ratios which varied between 1 and 2. 
The reaction of isobutene on rutile, CL/D 11.12,  was studie 
in the temperature range 1423 to 573K, but the main reaction 
was not the conversion to n-butenes. Another product was 
formed which was found to have the same chromatograph retentioi 
time as buta-1,3-diene and 3,3-dimethylbutene. 	(The chromato. 
graph trace is shown in figure 5.9). From the percentage 
composition plots shown in figure 5.10 for two consecutive 
reactions on the same sample, it is seen that the production 
of the product was rapid at first, but became poisoned with 
time. However the catalyst was readily activated by evacuatic 
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figure 5.8, Arrhenius plots of trans-but-2-ene and cia-but-
2-ene isomerisation reactions on rutile,CL/D 412, 
bp trans-but-2-ene; a, cls-but-2-ene 
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figure 5.9, chromatographic analysis of the Isobutene reaction 
mixture using an 8m column of 35%ww propylene carbonate on 
Chromo sorb P 











































figure 5,10, two experiments in - which the reaction or isobutene 
on rutile,Cl/D 412, was studied: a reaction at 423K on a 
sample outgassed at 723K; b reaction on the same sample at 
473K,after outgassing for 5 minutes at this temperature; 
•, isobutene (L.H. scale) 
, but-1-ene (R.H. scale) 
A, trans-but--2-ene (R.H. scale) 
a, cis-but-2-ene (R.H. scale) 
unknown product(R.H. scale) 
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5.3 ISONERISATION OF CYCLOPROPANESAND DIrTHYBUTENES ON 
RUTILE, CL/D 412 
These two stu dies were carried out by McLaughlin (127) 
and Taylor (128). They were carried out in collaboration 
with the author as part of the present investigation. 
Nr. N. Coutts also collaborated in the work of McLaughlin. 
5.3.1 ISOMERISATION OF CYCLOPROPANES 
The percentage composition reaction plots are given in 
figures 5.11, 12, 13 and 14 for the Isomerisations of cyclo-
propane, methylcyclopropane, 1,2-dimethylcyclopropane and 1,1-S 
dimethylcyclopropane, respectively. All of the reactions 
were well behaved, yielding linear first order reaction plots. 
The Arrhenius plots of log k versus 1/'I are shown in 
figure 5.15. 
The reaction of cyclopropane to give propylene and traces 
of propane was studied in the temperature range 473 to 5231C. 
The absolute rate obeyed the relationship, 
k = 1023 ' 3 exp - N92,000 + 10,000)/RTI molecules 
Methyloyclopropane yielded only the n-butenes In the 
temperature range 373 to  423K.  But-l-ene was the major 
initial product, but this rapidly gave way to cis-but-2-ene, 
and only at a much later stage in the reaction did the thermo-
dynamically favoured product, trans-but-2-ene, predominate. 
The kinetics obeyed the equation, 
k = 1023 ecp-1(67,000±7,0o0)/IT1 molecules 
- 	].me min) - 
figure 5.11 9 Isomerisation of cyclopropane 
at 523K; after McLaughlin (127); 



















On rutile,CL/D 1412, 
0 	 50time (min)' - 	100 
figure 5,12 9 isomerlsation of methylcyclopropane on rutile, 
CL/D 1412, at 1415K; after McLaughlin (127); 






























figure 5.13, isomerisation of 1,2-dimethylcyclopropane on 
rutile,CL/D 412, at 323K and 5ç/K; after McLaughlin (127); 
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figure 5.149 isomerisatlon of 1,1 -dimethylcyclopropane on 
















figure 5.159 Arrhenius plots 
I ,2-dirnethylcyclopropane a, 
McLaughlin (1271 
2.5 	 3.0 
3 	1 1/T (ioic 1)  
of the isornerisation of cyclopropane Ap methylcyclopropane o, 
and 1,1-dirnethylcyclopropaneo on rutile,CL/D 412; after 
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In an experiment in which the oxygen pretreatment of the 
catalyst was omitted the value of k at 393K  was, 
0'36 x lO molecules s'm 2 . 
At the same temperature, the normal value of k was, 
10 x 10 molecules s 1m 2 
and this change in activity was similar to that observed for 
but-l-ene isomerisation. 
In the temperature range 323 to 373K,  1,2-dimethylcyolO-
propane yielded 3-methylbut-l-ene and 2-methylbut-2-ene with 
initial product ratio of 3:1, respectively. 	At higher tempex 
atures traces of 2-methylbut-l-ene were observed. 	The IC 
values obeyed the relationship, 
IC = 1029 exp - [(99,500 + 800)/RTI1 molecules s - m 2  
1,1-dimethylcyclopropane isomerised rapidly in the 
temperature range 303 to 333K to produce 2-methylbut-2-ene 
and 2-tnethylbut-l-ene with an initial product ratio of 9:1, 
respectively (i.e. in the relative proportions of the isomers 
at equilibrium). 	The IC values obeyed the relationship, 
IC = 10196  exp - [(29,000 	10,000)/RT] molecules 
53. 2 ISONERISAT ION OF DIITHYLBUrENES 
Taylor (128) studied the reaction of 3,3-dimethylbut-l-et 
on rutile, CL/D 412. 	The plot of percentage composition 
versus time for the reaction at 373K is shown in figure 5.16. 
The products were produced in an initial ratio of .2,3-dimethy 
but-2-ene to 2,3-dimethylbut-l-ene of 5.5:1, respectively, and 
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figure 5,16 9 isomerisation of 3,3-dimethylbut-1-ene,o, to 
2,3 -dimethylbut -1 -ene,o, and 2,3-dimethylbut-2-ene,, at  373K 

















figure 5.17, isomerisation of 2.3dimethy1but-1-ene,o, to 
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figure 5.18, Arrhenius plot of 30-dimethylbut - 1 -ene isomer-  























time (min) -'  
figure 5.19, hydrogenation of butadiene on rutile,CL/D 412 9, 
• 	at 473K; .a percentage composition versus time, and b log(x) 
- versus tixne;o, buta-10-diene (L.H. scale);ô, but-1-ene (n.H. 
scal'e);, trans-but-2-ene (R.H. scale); and o,cisbut2-ene 
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figure 5.20, Arrhenius plot of the hydrogenation of buta- -1,3-
diene carried out on rutile,CL/D 412; using the same sample at 
successively higher temperatures, a, except for the final 
measurement, 	at 453K 
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of the product molecules at equilibrium. The Arrhenius plot 
is shown in figure 5.18, from which it follows that, 
k = 10235 exp - [(63,400 + l,000)/RT] molecules s- im-
2  
2,3-dimethy].but-l-ene isomerised at a fast rate at 250K 
yielding only 2,3-dimethylbut-.2-ene. 	Below this temperature, 
the vapour pressure of the reactant was too low to permit gas 
phase analysis. 	The reaction at 250K is shown in figure 5.17, 
and the initial rate was greater than, 5 x 1016 molecules 
5.4 HYDROGENATION OF BUTA-1, 3-DIENE ON RUT ILE, CL/I) 412 
The reactions were carried out at successively higher 
temperatures in the range 423  to 553K, and on the same sample of 
CL/D 412. 	It was outgassed at the reaction temperature for 
10 minutes after each run. The reaction at 473K is shown in 
figures 5.19a and b. Only the n-butenes were produced and 
these had the initial product distribution of cis-but-2-ene > 
but-i-one > trans-but-2-ene. from the final reaction at 
453K, in the Aa'rhenius plot shown in figure 5.20, it was 
observed that slight poisoning of the catalyst had occurred. 
The mean'activation energy' over the range of experiments was 
(46 ± 5) kJmol 1 . 
.5 DISCUSSION 
(A discussion of the mechanism is delayed until 
chapter 8). 
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5 . 5 .1 -  THE REPRODUCIBILITY OF THE TECHNIQ.UE 
The control experiments, carried out with but-l-ene 
isomerisatlon in the absence of a catalyst and in the absence 
of glass wool, show that there was no significant error in the 
rate measurements due to the apparatus or the technique. 
Since isomerisation of but-l-ene on rutile, CL/D 412, was 
shown to proceed with the same initial rate on a fresh sample 
as on a sample which had been contacted with the reactant for 
24 hours, the deviation from first order kinetics after 70% 
conversion ( figure 5.1b) could not have been due to poisoning 
but to a failure of the kinetic analysis. The isomerisation 
to the two but-2-enes is a triangular reaction, as shown by 
table 1.5 of section 1.4.3, but the kinetics used for this study 
approximated the system to, 
reactant = product 
and the deviation was due to the failure of this approximation. 
The comparison of the initial zero order rate, r, with 
the values of k, in table 5.2, justified the assumption that k 
represents the absolute rate. The comparison did break down 
at the higher reaction temperatures, but this was due to the 
difficulty in determining r for fast reactions. 
5.5.2 THE REPRODUCIBILITY OF RUTILE PREPARATIONS 
The isomerisation of but-i-erie on samples of rutile, 
CL/D 11.12, which had not been oxygen treated was consistently 
slower than the reaction on oxygen treated samples by a 
factor of 05. 	Shannon also noticed the effect (89) and, 
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ascribing it to the presence of T13 on the outgassed rutile, 
he concluded that sites centred on Ti were more reactive. 
Shannon carried out magnetic susceptibility measurements on a 
sample of CL/I) 412  outgassed at 723K but the T1 3 population 
was too small to be detected. 	However, it was shown in 
chapter L of this thesis that a carbonaceous residue equivalent 
to (0•14 + 0 '04) H atoms per nm2 was formed on rutile from 
grease vapour during the outgaasing process. The blockage 
of active sites by this residue offers another possible cause 
of the lower activity of catalysts which had not been oxygen 
treated; although the extended exposure to grease vapour was 
not found to produce further poisoning. 
The activation energy of 60 + L kJm01 1 , determined for 
samples of CL/D 142 which had not been oxygen treated was much 
lower than the value of 100 kJmol observed by Shannon for 
this same preparation (74)(116), however the kinetic parameters 
determined by Shannon for various reactions on rutilea, CL/D 
142 and JN.C. 435, were each based on only two or three 
experiments (89). 
Rutile, CL/D 412, appeared to be a very robust catalyst 
towards but-1-ene isomepisation, for despite the extensive 
washing treatment in the preparation of CL/I) 412 B, which 
removed chlorine impurity but introduced silica (table 2.1), 
Its activity was unchanged, and neither washing with sulphuric 
acid nor calcination at 1083K had significant effect. 
Rutile, CL/I) 478/1, showed markedly different character. 
Essentially one of the very inactive preparations for but-1-ene 
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isomerisation, it was activated to the same level as CL/D 412 
by washing with distilled water, though small traces of 
water, or steam had no effect. 	The inactivity is readily 
attributed to the sulphate impurity on this catalyst, which 
corresponded to 48 803 per nui2 and which would have been 
largely removed by the washing process. 	The sample of 
anatase, CL/D 30, was a very active catalyst for the reaction, 
though it contained a similar percentage of sulphate impurity. 
This was because it had a larger surface area and the sulphate 
coverage was only 09 80 3 per nm2 . 	It is probable that the 
inactivity of the other preparations, all of which had a low 
surface area, was also due to the sulphate impurity. 	The 
impurity had little effect on the activity of the catalyst 
towards acetone-deuterium oxide exchange, but this reaction is 
not thought to be very demanding of the catalyst since It 
proceeds at a slow, but measurable, rate on pyrex glass at 
room temperature (99). 	The activation of CL/D 478/1 with 
time was possibly due to the rearrangement of the surface 
sulphate on exposure to a moist atmosphere. 	It was noticeable 
that the activation occurred In a period when the catalyst was 
in use from week to week, but that after a lapse of 6 months 
when it was not handled at all, the catalyst returned to its 
original activity. 
One preparation, CL/D 572, showed exceptionally high 
activity, with a large activation energy and a significantly 
different cis/trans-but-2-ene initial product ratio (a value 
of 1 at temperatures when values of 6 or 7 would have been 
expected). 
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In conclusion, it is apparent that rut lie preparations 
exhibit a wide range of catalytic activity. 	It was not 
possible to identify all of the reasons for this from the 
present study, but the effect of sulphate impurity was clear, 
and the fact that all of the preparations were siilficantly 
contaminated by other impurities must also be of importance. 
5.5.3 REACTIONS OF OLEFINS ON RiJPILE 1 CL/D 412 
The discussion of reaction mechanism is delayed until 
chapter 8 but the more general considerations are discussed 
here. 
Rutile is an inert material (129), as befits its use in 
industrial preparations of paints and cosmetics. 	The many 
investigations of the twin peak activity pattern of the first 
row transition metal oxide catalysts, (89)(1L8)(119)(130)(131) 
(132) (133) (1314.), have shown that titanium dioxide is one of 
the most inactive catalysts of the series; in particular, 
Shannon (89) and Kubokawa, Adachi, Tomino and Ozawa (133) noted 
the inactivity from studies of the isomerisation of n-butenes 
on the first row transition metal oxides. 
In the present study the activation energies of but-l-ene, 
cis-but-2-ene and trans -but -2-erie isotherisation were. 
74 ± 4, 66 ± 3 and  57 -i- 2 kJmol 1 respectively, on CL/D 14.12. 
Shannon (99) found activation energies of, 
50 and 61 kJmol 
for but-1-ene and cis-but-2-ene Isomerisation on samples of 
CL/D 34 which had not been oxygen treated, and on CL/D 412 he 
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found activation energies of, 
100 and 89 kJmo1 
for the same reactions, respectively. 	Although the work of 
Shannon was less detailed than that above, the discrepancies 
indicate that comparisons of the activation energies can be of 
little use in deteriining the mechanism. 
Isobutene was shown to yield a product, which may have 
been a higher olefin (3,3-dimethylbutene had the same chromato-
graph retention time) or the product may have been butadiene. 
If the latter, then there would have to have been a surface 
reaction to provide the driving force for the reaction, 
butene = butadiene + hydrogen 
AF 
0 	 61 	152 	 0 	kJmol 
since the change in free energy for this conversion Is 
+91 kJmo1. 	This may have been the case since the catalyst 
was observed to be rapidly poisoned and the conversion that 
was observed was equivalent to the production of 017 H 2 per 
nm2 . 
The other alternative, that isobutene formed a higher 
olefin, such as 3,3-dimethylbutene, receives support from the 
work of Munro (100) who observed a dimerisation product of 
isobutene when studying the exchange of isobutene with 
deuterium. 	Although the retention time of the product 
observed in the present study was the same as 3,3-dimethylbut-
1-ens, it was unlikely to have been this molecule, since if it 
had been formed, it would have isomepised to 2,3- dime thylbut-
2-ens, as shown in the work of Taylor (128). 
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The investigation by McLaughlin of the isomerisation of 
cyclopropanes on rutile, CL/D 112, showed that rutile was a 
less active catalyst than silica-alumina. 	Hall et al. (94) 
(95)(96) observed the isomerisation of cyclopropane over 
silica-alumina at 423K, and the reactions of methylcyclopropane, 
dimethyleyolopropanes and ethylcyclopropane were followed at 
room temperature. 	In the present study, only 1,1-dimethyl- 
cyolopropane isornerised rapidly at room temperature, 1,2-di-
methylcyclopropane isomerised at 350K, methylcyolopropane at 
400K and cyolopropane at 500K. However, both Hall et al. 
and McLaughlin found that methyloyclopropane only yielded the 
n-butenes, and in both studies, 1,1-dimethyloyclopropane was 
converted to 2-rnethylbut-2-ene and 2-methylbut-l-ene. Hall 
t al. explained their results by a mechanism involving the 
donation of a proton from a Br$iisted surface acid to give a 
carbonium ion intermediate, section 1.3.5. 	This mechanism 
could not occur on rutile, however, since surface studies 
(sections 1.2.3.3 and 1.2.3.4) show there to be no Brnsted 
surface acids. 	Bullivant et al. (93) found that the 
homogeneous gas phase catalysis of 1.1-dimethy].cyclopropane by 
hydrogen chloride yielded 2-methylbut-l-one as the initial 
product (figure 1.34), but in the present study 2-methylbut-
2-one and 2-methylbut-l-ene were produced with an initial 
product ratio of 9:1, which indicates thermodynamic control. 
The lsomeri8ation of 2,3-dimethylbut-1-ene, investigated 
by Taylor, proceeded at a much faster rate than any other 
known reaction of an organic molecule on titanium dioxide, 
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including the exchange of acetone with deuterium oxide. The 
Isomerisation of 3,3-dimethylbut-l-efle was also surprisingly 
fast. It involved a methyl shift, but proceeded at a lower 
temperature than the double bond shift reaction of but-l-ene. 
In agreement with the study by Shannon (99) of butadiene 
hydrogenation on rutile, CL/D 34, only n-butenes were produced 
in significant yield from the reaction over CL/D 412. How-
ever, whereas Shannon found the initial product distribution, 
but-l-ene > cis-but-2-ene > trans-but-2-ene, 
the distribution with CL/D 4212 was, 
cis-but-2-ene > but-i-erie > trans-but-2-ene. 
Also, Shannon found that the interconversion of the products 
was poisoned by the butadiene, but this was not the case with 
OL/D 412 and it probly explains the predominance of cis-but-
2-ene over but-i-erie in the initial products. 	The rate of 
reaction was similar over both CL/D 34 and CL/D 412. 
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CHAPTER 6 
OLEFIN REACTIONS ON RTJILE - PART 2, POISONING AND ACTIVATION 
OF RtYJ2 ILE BY ADSORBED SPECIES 
The investigation in chapter 5 showed the marked 
variations in activity which can occur over a range of catalyst 
preparations,but in this investigation there was no control 
of the parameters governing the surface structure. The 
purpose of the investigations described below was to make 
controlled changes to the surface and study the effect on 
olefin Isomerisation. 	The adsorption of small molecules from 
the gas phase, and at reaction temperature, was chosen as a 
suitable means of treating the surface, and but-l--.ne lao- 
merisation was selected for the most intensive study. 	In 
order to maintain constant conditions most reaction* were 
studied at 423K. 
6.1 BUT -1 -ENE ISOHER IS AT ION 
6.1.1 PRESSURE DEPENDENCE STUDY WITH RESPECT TO BUT-1-ENE 
This study was carried out using the same sample of 
rutile, CL/D 142, throughout. 	Reactions were studied at 
423K, beginning with a dose of 011 x 10 20 but-1-ene molecules 
and successively increasing this to 39 x 10 20 molecules. The 
catalyst was outgassed at reaction temperature between runs. 
A graph of the k values versus the number of molecules, N, 
admitted is shown in figure 6.1, and the plot of log k versus 
log N is presented in figure 6.2. 	The k values obeyed the 
relationship, 
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figure 6.1, rate of but1-ene isomerisation, k, on rutile, 
CL,D 412, plotted against the number of reactant molecules 
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log( N(m 2)) 
figure 6.2, log(k) versus log(N) for but-I-one isomerisation 
on rutile,CL/D 1412, at 1423K 
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The plot In figure 6.1 has a knee at a but-1-ene pressure of 
approximately 706 kNm 2 which, from the adsorption isotherm 
in figure 3.8, corresponded to a coverage of 05 ± O'i 
molecules per nm2 . There was no significant variation in 
the cia/trans-but-2-ene initial product ratios in this 
investigation, as can be seen from table 6.1. 
Table 6.1. Variation of cis /trans -but -2-ene initial product 
ratio obtained for different concentrations of 
reactant (counted as but-i-ens per m 2 ). 
N(1018m2) 	0 44 092 1 45 2'02 238 
cis/trans 	5 	5 	6 	5 	50 
N(1018rn2) 3'62 7'75 111 156 
cis/trans 32 36 LO 16 
6.1.2 VARIATION OF OUTGASSING TEMPERATURE 
Samples of rutile, CL/i) 412, were each outgassed at 
different temperatures for 13'5 hours; they were oxygen 
treated at the outgasstng temperature, and then examined for 
but-1-ene Isomerisation at 423K. The results are presented 
in table 6.2 together with the surface hydroxyl populations, 
b, determined for these outgassing tern peratures in chapter 4 
(table 4.4). 
The reaction on the sample outgassed at 1073K was twice 
as fast as that outgassed at 723K and it had a lower Initial 
oIs/trans-but-2-ene product ratio. However, the feature of 
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Table 6.2. The variation of the kinetics of but-l-ene iso-
merisation with the outgassing temperature of 






3 1m 2 ) 1 at 
23K  
E 
(kJmo1) cis/trans b OH per 
1073 597 71 30 0 
873 1'9 71 LO 0 
723 2'7 74 50 0 
623 3'0 - 4'2 1 
523 365 - 2'5 2 
423 27 - 26 L 
295 02 - l'Li. 16 
greatest significance was the very low rate of isomerisation 
and the small. cia/trans ratio of the sample outgassed at 295K. 
This small value of k is unique in table 6.2, but the cis/trans 
ratio of 1.4 marks the limit of a trend towards smaller values 
with lower outgasslng temperatures. The plot of percentage 
composition versus time for the latter is shown in figure 6.3. 
The Arrbenius plots for experiments on samples outgassed at 
1073 and  873K are shown in figure 6.14.. 
WATER 
Apart from the interest of this investigation in its own 
right, it had importance as a comparison between the nature of 
water on a surface which has been only partially dehydrated, 
and the nature of water which has been readsorbed. All of the 
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- - jne k IJLLfl) 
figure 603,isornerisation of but-1-ene at 423K on rutile,CL/D 
41 2 9 outgas3ed at 295K; ot but-i-ene (LOHO scale); , trans-
but2-ene,and n, cis-but-2-ene (R.H. scale) 
i/ (io3iC) -" 
figure 6.4, Arrhenius plots of but-I-ene isomerisation on 
rütile,CL/D 412 9 outgassed. at 1073K, o, and at 873K, 
lii.? 
quantity of water was readsorbed at the reaction temperature, 
L23K. 
The variation of k with surface coverage is shown in 
figure 6.5. 	Adsorbed water poisoned the catalyst so that the 
value of k, after an initial sharp fall, fell linearly with 
increasing coverage to a well defined heel at a coverage of 
(1-6 ± 01) 1120 per nm2 and with a limiting value of k at 
53 x 1013 molecules stn 2 . 	At this coverage the residual 
pressure remaining from the dose of 'water was about 1 NM-2 and 
only at coverages greater than 2 H 20 per nm2 did a significant 
pressure remain after adsorption. On a sample which had been 
saturated with water vapour at 423K, and evacuated for 15 min-
utes, the value of k was slightly higher than the limiting 
value, at 11 x lO molecules s -1 M-2
. 	In three experiments 
in which a measured quantity of water had been adsorbed on to 
the catalyst at 423K,  the vessel was closed and the catalyst 
heated to higher temperatures (623K and 723K). 	In all three 
experiments, the extent of poisoning was less than that of water 
adsorbed at 423K. None of the treatments described above 
produced a siificant change to the cis/trans-but-2-erie 
initial product ratio, as shown in row 1 of table 6.3 and in 
the data below: 
Table 6.3. cis/trans-but-2-one initial product ratios for 
but-l-ene isotnerisation on rutile, CL/D 142, 
poisoned by species adsorbed at 423K  and with 
coverages 0 molecules per nm2 . 
water 
c(H20 per nm2 ) 	O'O 0'16 056 11 lL. 1'4 16 LI.'O LVLI. 
cis/trans 	 50 3*8 42 37 LO 55 58 48 48 
ammonia 
c (NH 3 per nm2 ) 	O'O 033 064 085 128 131 160 1'60 
018/trans 	 50 LO LO 42 4 8 42 4 2  LO 
0 (0NH6 per nm2) -1 
cis/trans 
ethylene diamine 
00 0'70 	138 




O'O 	0'32 	128 
50 	3L. 	27 
180 14•5 50 
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figure 6.5,poisoning of but-1-ene isomerisatlon at 423K on 
rutile,CIv'D 412, by water molecules adsorbed at the reaction 
temperature Op adsorbed at 623K for 20 min a, at 723K for 
2h e, at 723K for 20 mine, and poisoning by water plus an 















I 	 0 
2 0 	 1 
surface coverage, c (NH3 per 
figure 6.6, poisoning of but-1-ene isomerisation on rutile, 
CL/D 412 9 by ammonia molecules adsorbed at 423K, 0; at 453K, 
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figure 6.7, poisoning of but-'1ene isomerisation by ethylene 
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figure 6.8, poisoning of but1-ene isomerisation on rutile, 
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surface coverage, c (HCl per nm 2) 
figure 6.9, activation of rutile,CIv'D 1412, towards but-i-erie 
isomerisation by hydrogen chloride adsorbed at 423K; 
o, reaction at 1423K 
t, reaction at 313K 
0, reaction at 273K 
"I.e 
EFFECT OF WATER ADSORBED AT PELIPERATURES > 1123K 
exposure 




to 	 cis/trans 
2. 
20 mins 	 12 
2h 	 4 * 3 
20 mins 	 4*3 
saturation by water vapour and then evacuation for 
15 inins produced a cis/trans ratio of 31. 
6.1.4 PYRIDINE 
Pyridine is a Lewis base and at 423K it was expected to 
selectively poison the acidic sites on rutile. The experiments 
were of special interest, therefore, in order to test the 
mechanism of olefin isomerisation put forward by Shannon and 
Kemball (116) which involved both acidic and basic sites on 
the surface. 
Experiments showed that coverages of pyridine, similar 
to those used in the experiments with preadsorbed water (section 
6.1.3) could partially, and with larger doses completely, poison 
the catalyst; but there was no significant change to the cis/ 
trans-but-2-ene initial product ratio. The study was not 
pursied in detail because it was seriously marred by irreprodu-
cibility. 	This was partly because it was performed on gas 
line 3, which was unsuited to adsorption studies, but it was 
also thought that pyridine was adsorbed in the stopcock grease. 
6.1.5 AMMONIA 
The poisoning of rutile by ammonia adsorbed at 423K  was 
similar to the poisoning by water, except that total poisoning, 
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and not partial poisoning, was effected at a less distinct 
heel with (16 + 01) NH
3  per nm 2 
(figure 6.6). 	Adsorption at 
the higher temperatures of 453, 526 and 723K, had the opposite 
effect to that of water in that the poisoning was increased. 
As with water, coverages of less than 2 molecules per nm2 were 
obtained with total adsorption of the measured dose. The 
cis/trans-but-2-ene Initial product ratios are listed in table 
6.3 for ammonia adsorbed at 423K. 	The results for the 
adsorptions at higher temperatures are listed below: 
EFFECT OF AMMONIA ADSORBED AT TEMPERATURES > 423K 
exposure to, cis/trans 
015 N1i3 per nm2 
 
4 0  
at L.53K 
054 NH 3 per urn2 145 
at 526K 
0'71 NH  per nm2 50 
at 723K 
6.1.6 ETHYLENE DIAMINE 
After the investigation of poisoning by ammonia, a study 
of poisoning by ethylene diamnine had special Interest because 
the molecule has similar basic properties to ammonia but also 
readily reacts as a bidentate ligand. But from figure 6.7 
it was apparent that both molecules had equivalent poisoning 
properties. 	Again, there was no significant change in the 
cis/trans product ratio (table 6.3). 
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6.1.7 HYDROGEN CYANIDE 
The effect of hydrogen cyanide on the catalytic 
properties of rutile, CL/D  412, was chosen for study since 
it is a weak acid, and one of the few that are not decomposed 
by rutile. 	The fall in activity observed with increasing 
coverages of hydrogen cyanide was similar to that produced 
by water, with a heel at (16 + O'l) HCN per nm2 (figure 6.8). 
Hydrogen cyanide did not effect total poisoning and had a 
limiting k value of 014 x 10 15 molecules 3m 2. As before 
a significant gas phase pressure remained after adsorption 
only for those experiments in which more than 18 HCN per 
nm2 were dosed into the reaction vessel. 	For the first time 
in the adsorption studies a significant change in the cis/tran 
but-2-ene initial product ratio was observed with increasing 
coverages of hydrogen cyanide (table 6.3). 
6.1.8 HYDROGEN CHLORIDE 
Because of the highly acidic nature of hydrogen 
chloride, a blank experiment was first carried out in which 
an equal amount of hydrogen chloride was mixed with the 
but-1-ene and reaction followed in the absence of rutile. 
At 523K the value of k was 0'57 x 1015 molecules 
(equivalent to 0'02 x 1015 molecules 	M- 2 for a reaction 
on rutile). 	The reaction was also followed at 573 and 
673K with k values of 0466 and 1'l x 1015 molecules s - 
corresponding to an activation energy of approximately 
37 kJmol 1 . 	The cis/trans-but-2-ene initial product ratio 
was about 1 0 2. And so it was concluded that the homogeneous 
151 
reaction could be ignored in the present study. 
The activation of rutile.. CL/D 142, towards but-l-ene 
isomerisat ion by adsorbed hydrogen chloride is shown in 
figure 6.9 - although most of the reactions proceeded at too 
fast a rate to be followed accurately. 	The isomerisation 
was followed at 423, 313 and 273K,  and in some of the 
experiments this raised an uncertainty in the coverage, since 
all of the adsorption measurements were made at 423K, but 
after closing the reaction vessel to the gas line and cooling 
to the lower reaction temperature most if not all of the gas 
phase hydrogen chloride would have been adsorbed. 	In 
figure 6.9 the coverage has been plotted assuming that all of 
the hydrogen chloride molecules admitted to the vessel were 
adsorbed, but it should be remembered that strong adsorption 
corresponds to a maximum of 2 HCl per nm2 (section 3.2.4). 
There were changes in the initial product ratios for 
different coverages, but for most experiments the reaction 
was too fast to estimate them accurately. The distribution 
of products can be compared, however, by consideration of thE 
percentage compositions of the gas phase for low conversions 
(table 6.4.). 	Comparing the data in this table with 
that extracted from the standard experiment in figure 5.2, it 
was seen that coverages up to 164 HC1/nm2 produced activati< 
without significantly changing the product distribution. 
Above this coverage there was continued activation but 
accompanied by an increased production of the trans product 
over the cis. 
Table 6.4. 	Comparison with the percentage compositions of a normal run, n, of 
experiments on rutile, GL/D 412, pretreated with hydrogen chloride. 
Experimental conditions 
024 HCL/nm2 062 HCL/nm2 062 HCL/nm2 
at 423K 	n at 423K 	I n at 	313K 	I 	n 
58 	58 874 	874  835 	835 but-i-one 
trans-but-2-ene 13 8 19 16 20 25 
cis-but-2-ene 35 	1 	•34 107 	110 145 	I 	110 
Experimental conditions 
164 HCL/nm2i 184 HCL/nm 2 324 HCL/nm2 ' -- 324 HCL/nm2 
L 	at 313K 	I 	n at 423K 	n at 313K 	n at 273K 	
1 	n 
but-i-one 813 	1 813 35 . 7 	35 . 7 601 	I 601 - 39 	43 - 9 
trans-but-2-ene 29 27 347 158 237 79 295 122 
cis-but-2-ene 159 	160 296 	48•5 162 	320 265 	:43-9 
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An experiment was carried out on the spring balance 
adsorption apparatus, gas line 7, in which a sample of 
rutile, CL/D 412, was exposed to 07 kNm 2 of hydrogen 
chloride for 5 minutes at 423K and then evacuated for 15 
minutes at this temperature. 	It was then exposed to 27 kNm 
of but-i-one and the weight of the sample was observed for 
1 hour. 	The total increase in weight was 09 molecules per 
nm2 i and this was much higher than the coverage on untreated 
rutile at this temperature (section 3.2.2). 	Also, the 
desorption process was slower than that on the untreated 
sample so that a loss of weight equivalent to the complete 
desorption of butane was not effected until 1 hour of 
evacuation. 
During all of the experiments described above the 
catalyst turned pale pink in colour, and this became crimson 
turning to blue on exposure to air. An attempt was made 
to produce the compound responsible for the colour, by 
passing hydrogen chloride and but-i-one through a suspension 
of rut lie, CL/D 142, in hexane at 273K.  A but ylphosphlne 
was dissolved in the hexane to stabilise any titanium alkyl 
species that might have been formed, but the experiment was 
unsuccessful. 1 
1. The author is indebted to Dr. E. Wharton who 
supervised the experiment. 
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6.1 • 9 CHLORINE, HETHYL CHLORI DE AND CARBON DIOXIDE 
A detailed study of the effect of chlorine on the 
catalytic properties of rutile was not possible because this 
chemical would have reacted with the mercury in the apparatus. 
However, using a manometer which was remote to the main part 
of the line, a sample of CL/D 112 was exposed to chlorine at 
423K to give a coverage of between 0'5 to 1'5 C12 per nm2 . 
The sample was activated by this treatment so that reaction 
at 295K proceeded with a k value of l4 x 10 15 molecules 
and the ois/trans-but-2-ene initial product ratio was 5 
A series of experiments were carried out with methyl 
chloride and with carbon dioxide. But neither compound was 
observed to adsorb at 1123K and there was no effect on the 
catalytic activity of rutile, CL/D 412, apart from a drop In 
the value of k from 27 to 22 x 10 15  molecules sm 2 . 
6.2 THE EFFECT OF ADSORBED WATER AND OF ADSORBED HYDROGEN 
CHLORIDE ON OTHER OLEFIN REACTIONS OVER RUTILE, CL/D tt.l2 
The isomerisatlon of trans-but2-ene at 123K over 
rutile, CL/D 412, is plotted in figure 6.10 for a standard 
experiment and an experiment in which 1 2L1 H20 per nm2 were 
adsorbed on to the catalyst. There was no change in the 
Initial product distribution between these two experiments 
and the values of k were 044 x 1015 and 0 , 092 x 1015 
molecules sm 2 respectively. 	The Isomerisation was also 
followed at 295K over a sample with 1'20 HCl per nm2 
adsorbed at 1123K. The value of k was 2'1 x 1015 molecules 
sm 2 and the reaction plot is shown in figure 6.11. Cis- 
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figure 6.10 9 isomerisation of trans-but-2--ene at 423K n 
rutile,CL/D 4I2 	,trans-but-2-ene; e 9but1-ene; g cis-but- 
2-ene; the open' .symbols represent a 2reaction on a sample with 
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figure 6.11 9 trans--but-2--ene isomerisation at 295K on rutile, 
CL/D 412, with 1.20 HC1 per nm adsorbed at 423K; 
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surface coverage, o (H0 per 
figure 6.12, poisoning of 393 -dimethylbut-1-ene isomerisation 
at 388K on rutile,Ci/D 412, by adsorbed water; after Taylor 
(128) 
[1 
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retention time (min) 
figure 6.13, chromatographic analyses of reactant mixtures on 
rutile treated with hydrogen chloride; a 3 9 3-dimethylbutj-ene 
isomerisatlon, and . b 293-dirnethylbut-1--ene isomerisation; 
analysis b was carried out with a higher carrier gas pressure 
and so the major peaks of both analyses probably correspond to 
the same COmPOUndS;(CO1Un,.n: 1.5rn of 350i/,,ww propylene carbonate on Chromosorb P) 
15L. 
but-2-ene was the major InitIal product. 
In his study or dimethylbutene isomerisation on 
rutile, Taylor (128) also carried out poisoning studies with 
respect to water adsorbed at 423K. 	The results he obtained 
for 3,3-dimethylbut-l-ene isomerisation at 388K are presented 
in figure 6.12 and table 6.5. 
Table 6.5. Initial product ratios of 2,3-dimethylbut-2-ene 
(2,3-2) to 2,3-dimethylbut-l-ene (2,3-1) for 
the isomopisatlon of 3,3-dimethylbut-l-ene at 
388K on rutile, CL/D Lj.12, poisoned by water, 
c 1120 per nm2 . 
0 (H20 per nm2 ) 	 0 	08 	10 	19 
2,3-2/2,3-1 56 60 64 5 . 3 
At the limit of poisoning the k value was 2'5 x 10 1 molecules 
and the, heel corresponded to (15 + 0'3) 1120  per nm2 . 
In one experiment at 393K, Taylor studied the effect of 
3'6 1120 per nm2 on the isomerisation of 2,3-dImethylbut-1-ene 
and found that the rate was similar to that observed at 250K 
on an untreated sample of rutile (section 5.3.2). 
The author studied the effect of hydrogen chloride 
on the isomerisation of the dimethylbutenes over rutile. 
2 HC1 per nm2 were adsorbed on the catalyst at 1123K, but when 
reactions were attempted at 295K, the compounds were so 
strongly adsorbed that gas phase samples could not be 
analysed. At 323K both compounds were observed to isomerise 
rapidly producing a wide range of products. Chromatograph 
traces of the samples taken at 3 minutes of reaction time are 
155 
presented in figures 6.13a and b. 
The poisoning action of adsorbed water was studied 
with respect to methylcyclopropane isomerisation over 
rutile, CL/D 412, by McLaughlin (127). Water equivalent to 
more than 1 monolayer was admitted to the vessel and reaction 
followed at 393K.  The value of k fell from O'lO x 10 15 
molecules sm 2 to 0005 x 10 15 molecules sm 2 , and 
there was no significant change to the product distribution. 
The author studied the isomerisation of methylcyclopropano 
at 295K over a sample of the catalyst with 155 HC1 per nm2 
previously adsorbed at 423K. The value of k was approximato 
x 1015 molecules sm 2 and the initial product distri-
bution for cis-but-2-ene:trans-but-2-ene:but-l-efle was 
5:2:1 respectively, whereas in a normal run the distribution 
was approximately 1:1:1. 
When butadiene hydrogenation was attempted on a 
sample of rutile, CL/D 412, with 5 HC1 per nm 2 adsorbed at 
1423K, no gas phase hydrocarbons could be detected at 295K. 
The temperature was raised to a maximum of 523K  but no 
material could be found in the gas phase samples at this, 
Or lower, temperatures. 
In all of these studies with hydrogen chloride 
treated catalysts, the catalyst turned pale pink, as 
described In section 6.1.8. 
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6.3 DISCUSSION 
(A discussion of the active sites and reaction 
mechanisms is delayed until chapter 8). 
Rutile, CL/D 412, was poisoned by water and 
activated by hydrogen chloride for almost all of the hydro-
carbon reactions studied above. 	These reactions were the 
isomerisations of: but-i-one, trans-but-2-ene, methyicyclo-
propane, 3, 3-dimethyibut-l-one and 2,3-dimethylbut-2-ono; 
and the processes involved: double bond shift, rotation 
about the double bond, ring opening and methyl shift. In 
just two reactions - those of the dimothylbuteno isomers - 
new gas phase products were formed and these were probably 
pentenea and hexenes. 	In the hydrogenation of butadiene On 
a hydrogen chloride treated sample all of the hydrocarbon was 
removed from the gas phase, with the probable formation of a 
surface polymer. 	Butones were also observed to be more 
strongly adsorbed on a hydrogen chloride treated sample than 
on one which had not received treatment, but it was not 
possible to say if this was duo to the formation of higher 
olefins. 
A coverage of (1•6 + Ol) adsorbed molecules per nm 2 
had significance in nearly all of the but-i-one isomerisation 
studies. 	For ammonia and ethylene diamine, this was the 
minimum coverage required to produce total poisoning. For 
water and hydrogen cyanide, it corresponded to the heel of 
the poisoning plots so that higher coverages produced no 
further poisoning. And for hydrogen chloride the coverage 
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of 16 UC1 per nm2 marked the dl5tiflCtiOfl between reactIons 
with a normal but-2-ene product distribution and those which 
had relatively larger amounts of the trans isomer (table 6.4). 
In addition, the isomerisatlon of 3,3-dimothylbut-i-enO over 
rutile was poisoned by water in a similar manner to the 
poisoning of but-i-one isomorisation. 	The other agents that 
were studied in detail - but-i-one, carbon dioxide and 
methyl chloride - were only weakly adsorbed; a coverage of 
16 molecules per nm2 was not attained in any of the 
experiments, and they had little poisoning effect. From 
the volumetric measurements made during the experiments, It 
was apparent that only strong adsorption caused a change to 
the catalyst activity. 	All of the compounds that underwent 
strong adsorption had a significant pressure in the gas 
phase only when the initial dose corresponded to more than 
1'6 molecules per nm 2 . 	In addition, the adsorption studios 
on the spring balance apparatus, gas line 7, revealed 
similar coverages owing to strong adsorption. The values 
were: for ammonia, 1'4-1'8; for hydrogen chloride 19; 
and for water 290, molecules per nm2 (section 3'2). 	The 
Il-defined coverage of strongly adsorbed ammonia can be 
related to the fact that the heQi In the poisoning plot was 
108S distinct for this compound. 
The effect of water remaining on the surface of 
rutilo owing to only partial dehyIratiofl (section 6.1.2) was 
different to that of water which hd been roadsorbed by a 
fully dehydrated surface. After otgasSirig at 423K to 
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leave a coverage equivalent to 2 1120  per nm2 (table Li..Li.) 
the value of k was not significantly changed. Only after 
outgaasing at 295K, when molecular water was still present 
on the surface, was the value of k reduced. 
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OLEFIN REACTIONS ON RUT ILE - PART 3, A PRELIMINARY 
INVESTIGATION OF DOPED RUTILE 
A SHORT STUDY OF THE HYDROGEN-DEUPERIU1 REACTION 
In this study the catalytic properties of rutile pre-
parations coded, OL/D 60311, 2 9 3 and L. (to represent pure 
rutile, and rutile doped with aluminium, chromium and nio-
bium, respectively) were examined for the reactions: but-i-one 
isomorisation, methy].cyoloprOpane isomerisation, the hydrogen-
deuterium reaction, and hydrogenation of butadiene. A short 
study of the hydrogen-deuterium reaction over CL/D 412, 
CL/D 412B and CL/D 478/1 is also presented here. 
.1 BUT-1-ENE ISOiRISATION 
The isomerisation of but-l-ene on rutile, CL/D 603/1 , 
was described in section 5.1.6. It had a similar activity 
to CL/D 412. The reactions over the doped samples are 
compared in table 7.1. 









dopant - Al Cr Nb 
(1015 molecules 8- 1  M-2 ) 5'1 64 747 14 
cis/trans 3'7 26 2'2 5'0 
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From the study of but-i-one lsomerisation over a range of 
rut lie preparations, chapter 5, it was apparent that the 
variations In behaviour shown In table 7.1 were no more than 
those expected for different preparations of rutile, and 
this study was not pursued further. 
7.2 METHYLCYCLOPROPANE I3014ERISATI0N 
The results of this investigation are presented in 
table 7.2. 
Table 7.2. 	Methylcyclopropane Isoinerisatlon over doped 
rut lie at 1423K. 
CL/D CL/D CL/D. CL/D 
603/1 603/2 6033 603/4 
opant - AL Cr Nb 
(1015 molecules sm 2 ) -  054 029 039 037 
In all of these experiments, n-butenes were the only products 
and they were produced with an initial distribution of but-l-
one > cis-but-2-ene > trans-but-2-ene. An Arrhenius plot 
for the reaction on CL/D 603/1 is shown in figure 7.1. The 
three points on the plot obey the relationship, 
= 1028 exp - (110,000/nT) molecules sm 2 . 
As with the isomerisation of but-l-ene, there was no signifi-
cant variation between the preparations and the investigation 
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figure 7.1 9 Arrhenius plot of methylcyclopropane isomerisation 
on rutile,CIv'D 603/1, 
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7 3 HYDROGENATION OF BiYiA-1, 3-DIE10 
Each preparation was examined initially at a low 
reaction temperature and the reaction was followed at 
successively higher temperatures, using the same sample each 
time. 	In between runs the catalyst was outgassed at reaction 
temperature and a fresh reactant mixture admitted. The 
results are presented on an Arrhenius plot in figure 7.2. In 
all of the experiments, except those on the aluminium doped 
sample, CL/D 603/2, the Initial run was poisoned so that the 
value of k was lower at the end of the experiment than at 
the beginning. The pure preparation, the aluminium doped 
preparation, and the niobium doped preparations all had 
similar activity. 	Only the chromium doped rutile, CL/D 603/3, 
showed significant variation. But the high activity of this 
catalyst was rapidly poisoned, and the poisoned material had 
the same activity as the other preparations. 
With the exception of the first two runs on CL/D 603/3, 
only ti-butenes were produced In the range of temperatures 
studied. The Initial product distribution was but-l-ene > 
cis-but-2-ene >>trans-but-2-ene. 	Over CL/D 603/3, however, 
the first experiment produced O'3% ((018 1 005) x 1018 
molecules) of butane, and the n-butenes had the initial 
product distribution trans-but-2-ene > but-l-ene > cis-but-
2-one. No butane was observed in any of the subsequent 
experiments, and after the second experiment the initial 
product distribution became, but-l-ene > cis-but-2-ene > 
trans -but -2-ene. 
1.5 	 1.8 	 2.1 	 2.4 















figure 7.2 9, Arrhenius plots of the hydrogenation of butadiene on rutile preparations, 
Cl/D 603/1 c, CL/D 603/2 cJ, CL/D 60313 at CL/D 603/4 0; the reactions were carried out 
on the same sample of each preparation,at consecutively higher temperatures 
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The reaction was also followed over the chromium doped 
rutile at 295K. 	As before, an initial, rapid production of 
butane and n-butenes occurred but was soon followed by 
catalyst poisoning. 
7.4 A SHORT STUDY OF THE HYDROGEN -DEUTERIUII REACTION OVER 
RUT ILE 
The exchange reaction of hydrogen with deuterium was 
examined by carrying out successive experiments on one sample 
of each preparation; but prior to the study of the doped 
preparations, the reproducibility of this procedure and of 
different rutile preparations was examined by experiments on 
CL/D 112, CL/D 412B, CL/D 478/1 and CL/D 603/1. The 
Arrhenius plots for the reactions on these catalysts are 
presented in figure 7.3. Each reaction was well behaved but 
the different preparations showed marked variations in 
activity. The appearance of hydrogen deuteride over CL/D 
412 obeyed the relationship, 
k = 10202 exp - [(47,000 ± 5,000)/RTJ atoms 
over CL/fl 412B, 
k = 1022 ' 8 exp - [(52,000 + 2,500)/RT atoms  s- 1 M 
over CL/fl 478/1, 
k = 10188 exp - [(36,000 + 5,000)/aT] atoms sm' 2 
and over CL/fl 603/1 it obeyed, 
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figure 73, Arrhenius plots of H 2-D2 exchange on rutile 
preparations, CL/D 412 0 CL/D 412B n, , CL/D 478/1 ci, and 
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figure 	first order reaction plot of H 2-D2 exchange on 
CL/D 603/3,o, at  1-i.17K, and on CI'D 603/4,, at  523K 
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The exchange of hydrogen with deuterium was the one 
reaction over rutile, CL/D 412, that was found to be poisoned 
by adsorbed hydrogen chloride. Hydrogen chloride equivalent 
to 5 HM per nm2 was admitted to the reaction vessel and the 
temperature raised to 423K for 20 minutes. After cooling to 
295K, the reactant mixture was admitted but significant 
reaction was not observed until the temperature was raised to 
573K when the value of k (equation 2.11) was 11 x 10 15 atoms 
s- 1  M-2 . At this temperature the value of k for untreated 
rutile, CL/D 412, was leO x 1016  atoms 8- im-2. 
After this study the doped samples were investigated 
and they all showed greater activity than CL/D 603/1. The 
aluminium doped rutile, CL/D 603/2, had a k value of 17 x 10 15 
atoms 	at 523K, which was greater than the value of k 
for CL/D 603/1 by a factor of 10. The niobium and chromium 
doped samples, CL/D 603/4 and 3, showed marked activation 
during the course of the reactions so that the values of k 
were greater towards the end of the experiments than at the 
beginning (figure 7.4). 	The pure material, CL/D 603/1 0 had 
shown no such activation In the experiments carried out on it, 
and to test this further a sample was heated to 723K for 30 
minutes in the presence of 10 kNm 2 of hydrogen. The sample 
was then evacuated and a reaction followed at 573K. The 
value of k = 0 0 37 x 1015 atoms S -1 M-2 was lower than that on 
the untreated catalyst by a factor of 10. 
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7.5 DISCUSSION 
Of the hydrocarbon reactions studied on the doped pre-
parations, only the hydrogenation of butadiene on chromium 
doped rut us showed significant variation from the pure pre-
paration. 	The chromium doped catalyst was very active, 
producing n-butenes and butane at 295K,  but its peculiar 
activity was rapidly poisoned so that the catalyst had no 
more activity than the other preparations. 	In its active 
state, chromium doped rutile was the only preparation to 
produce trans-but-2-ene as the major initial product. 	This 
behaviour is essentially that of pure chromia which produces 
trans-but-2-ene as the major initial product from but-l-ene 
isomerisation (89) (135) and which activates the hydrogen- 
ation of butadiene at 273K  to yield butane (136). 	The 
production of butane appeared to be associated with the 
poisoning of the catalyst, and the quantity of butane 
produced, (018 ± 0"05) x 10 18 molecules, may be a measure 
of the surface concentration of chromium ions, i.e. (0 * 04 ± 
O'Ol) per nm2 . 
From this preliminary investigation it was concluded 
that further study of the reactions over doped rut lie would 
not be rewarding, but the hydrogen-deuterium reaction was more 
promising. 	The high activity of the chromium doped rutile 
was compatible with the observation, above, that this pre- 
paration behaved like chromia (136). 	However, all of the 
doped preparations were more active than the pure rutile, and 
the activity of the chromium and niobium doped preparations 
increased during the reactions. 
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CHAPTER 8 
CATALYTIC DOCHANISM ON RTJTILE 
There was no evidence to suggest that semiconductivity 
affected the thermal catalysis of hydrocarbon reactions over 
rutile. The isomerisation reactions of but-l-ene and of 
methy].cyclopropane showed no variation with the weak n-type 
semiconductivity of pure rutile (11), the weak p-type of 
aluminium doped (18), the strong p-type of chromium doped (19) 
and the strong n-type semiconduotivity of niobium doped rutiles 
(18) (section 1.1.2). 	The high activity of the chromium 
doped preparation towards butadiene hydrogenation was shown 
to be due to the properties of chromla and not to rutile doped 
with chromium; and although pure rutile was the least active 
preparation for the hydrogen-deuterium reaction, there was no 
relationship between activity and semiconductivity. Several 
Russian schools, particularly Keler at al. (106)(108), have 
accounted for alcohol dehydration/dehydrogenation reactions 
over doped rut iles solely in terms of the boundary layer 
theory; but, as was shown in section l.Lj..l, their interpre-
tation required a surface ii bonded olefin to be stable up to 
a temperature of 600K, when most titanium alkyl compounds 
decompose with a measurable rate at 295K (section 1.2.4). 
In so for as the crystal field interpretation takes 
account only of the interaction of d-electrons with the ionic 
field, it can have no importance for an interpretation of 
catalysis on rut ile, because rutile has no d-electrons on the 
titanium ion. 	And therefore, since both of the semi- 
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quantitative theories of catalysis are inapplicable to the 
present situation, an interpretation of the modes of 
catalysis on rutile must rest on a consideration of the 
active sites and the reaction mechanisms. 
8.1 THE IDENT ITY OF THE ACT WE S ITE 
Shannon and Kemball (99) suggested that there were two 
processes occurring in the isomerisation of n-butenes over 
rutile: the one Involved loss of a proton to form an allylic 
oarbanion, and accounted for the double bond shift reaction; 
the other Involved proton addition to form a 2-butyl carbonium 
Ion and accounted for the cis:trans-but-2-ene conversion. 
This mechanism required a Brnsted acid site and a basic site, 
and it is not compatible with the present results for the 
reasons that follow. 	Despite a very wide range of surface 
treatments, the product distributions of all of the olefin 
reactions studied remained almost unaltered. But if there 
had been two active sites, the treatments of the surface 
would necessarily have affected the sites differently, so 
altering the relative rate of production of the various 
products. 	Only at very high coverages of: 
water not removed by outgassing 
adsorbed hydrogen chloride 
adsorbed hydrogen cyanide 
did the cis/trans-but-2-ene Initial product ratio of but-l-ene 
isomerisation change from the typical value of 5 to values 
closer to unity. 	In view of the very different nature of 
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these molecules and their effect on the activity of the 
catalyst, it follows that the change was caused by a steric 
factor concerned with the high coverages of adsorbed molecules 
- this being the only common link between the three phenomena. 
Furthermore, the tables of initial product distributions 
presented in chapter 6 give evidence of the equal poisoning 
of cis- and trans-but-2-ene production from but-i-one by a wide 
range of poisoning agents and over a wide range of coverages. 
Therefore, irrespective of its nature, there can be only one 
active site for the olefin isomerisation reactions reported 
in this thesis. 
The infrared studies of adsorbed pyridine and ammonia 
(2L4.)(50)(52)(53) (sections 1.2.3.3 and 1.2.3.4) showed that 
there are no Br4Ønstod acid sites on rutile; and although a 
small amount of carbonaceous residue, which might be a 
source of protons, is formed on rutile during outgassing 
(section 4.5.2) its removal by the standard oxidation treat-
ment was shown to make the catalyst more active and not less. 
Therefore, the catalytic mechanism does not involve proton 
addition from a surface Br#nsted acid. 
The experiments in which the hydroxyl population of 
rutile was varied by varying the outgassing temperature 
(table 6.2) showed that the hydroxyl groups did not affect the 
isomerisation of but-l-ene, and that they did not form the 
active site. 	The significant feature of these experiments 
was the relative inactivity of the catalyst after outgassing 
at 295K,  when full activity was achieved by outgassing at 423K. 
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This indicates that the active site was produced by the 
removal of molecular water, which was complete after out-
gassing at 1123K,  and that the site was not produced by the 
condensation of hydroxyl groups, which occurs at higher out-
gassing temperatures. The evidence of the poisoning studies 
was that poisoning was affected by strongly adsorbed molecules. 
Although infrared spectroscopy shows that the dissociative 
adsorption of most of the molecules used in this study does 
occur on rutilo at 423K  (section 1.2), the study of the 
dependence of activity on outgasslng temperature indicates 
that the dissociative adsorption of water to form hydroxyl 
groups would not have poisoned the catalyst. 	It follows 
that the strong adsorption responsible for the poisoning 
could only have been the co-ordinative adsorption of molecules 
on to titanium ions. 
Therefore the active sites are centred on surface 
titanium ions, which under atmospheric conditions are covered 
by co-ordinatively bound water molecules. 
Two further points are worth noting. The coverage of 
16 molecules of poisoning agent per nm2 required to com-
pletely poison the catalyst was probably not a measure of the 
number of active sites. 	As already stated, the infrared 
evidence is that adsorption occurs in more than one way on 
the surface so that the limiting coverage for rutile, CL/D 
412, may involve some adsorption which does not affect the 
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active sites. 	The adsorption studies (chapter 3) indicate 
that the coverage, of 16 molecules per nm2 was simply the 
total of strongly adsorbed molecules at 423K, and so although 
the shapes of the poisoning plots differed slightly at low 
coverages, they all attained the same limiting value of 
16 molecules per nm2 . 
The second point concerns the increased poisoning 
effect of ammonia when adsorbed at higher temperatures. It is 
suggested that ammonia is more stable as the co-ordinatively 
bound species than the dissoclatively adsorbed species. For 
water, the reverse is known to be true, otherwise rutile 
would not rehydroxylate under atmospheric conditions. There-
fore, at high temperatures, when the molecules can rearrange 
to give the most stable distribution of adsorbed species 
amongst the adsorption sites, it follows that ammonia 
molecules tend to migrate to the catalytically active sites 
and decrease the activity of. the catalyst. 	Water molecules, 
however, favour dissociative adsorption and high temperature 
trbatment increases the activity of the poisoned catalyst. 
2 THE CATALYTIC ?IECHANISIS OF THE REACTIONS REPORTED IN 
IS THESIS 
The reactive Intermediates and reaction mechanisms 
previously postulated for the reactions studied in the present 
work were reviewed in section 1.3. The isomerisation of 
but-l-ene has been extensively investigated on solid catalysts, 
and a cis/trans-but-2-ene initial product ratio greater than 
unity was commonly observed, though trans-but-2-ene is the morE 
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stable isomer. This has been found not only on basic 
catalysts for which the cis-anion is known to be more stable 
than the trans- (85)(86), but on acidic catalysts (72)(73) 
(74)(75) and on some metals (69). 
On palladium (69) the high cis/trans ratio was explained 
in terms of a diadsorbed intermediate with the methyl groups 
directed away from the surface because of stone hindrance 
(figure 1.24). 	On catalysts with Brnsted acid sites the 
hydrogen switch mechanism was put forward (72)(74) (figures 
1.26a and b), or the cis-preference was simply accounted for 
by interaction of the surface with the adsorbed carbonium 
ion (75) (figures 1.28 a s b and c). 	On amphoteric oxides, 
initial carbanlon formation at an oxygen Ion has been postu-
lated, with the molecule stabilised in the cis-conformation 
by interaction with two adjacent Lewis acid sites (75) 
(figure 1.28d). 	Pines et al. (82)(83) proposed the 
existence of a resonance stabilised anion in the cis-
conformation on sodium-alumina catalyst (figure 1.30). And 
Kokes and Dent (87) have shown that butene adsorbed on zinc 
oxide exists mainly as the cis- isomer. 
In the present study of olefin reactions over rutile, 
the catalytic site was shown to be centred on a surface 
titanium ion (section 8.1) since the removal of water molecules 
co-ordinated to It activated the catalyst, and the catalyst 
was poisoned by nucleophilic molecules which could co-ordinate 
to the titanium Ions. Thus although the catalyst Is an 
ainphoterio oxide, like alumina, the mechanism put forward by 
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Gerberich and Hall (75) (figure 1.28d) for this sort of 
system cannot account for reactions on rutilo, as this 
mechanism had the surface oxygen ions at the centre of the 
catalytic site. 	The mechanism fitted the alumina system well 
because the catalyst was found to be active only after out-
gassing at high temperatures, circa 670K, at which the oxygen 
ions are formed by condensation of the surface hydroxyl 
groups; but rutile was activated at 423K, corresponding to 
the removal of co-ordinatively bonded molecular water. 
Therefore, the mechanism for butene isomerisation must 
first involve nuoleophilic attack on the surface titanium 
ion by a butene molecule. 
This can happen either through a primary carbon atom 
or through a secondary carbon atom, but the latter can be 
rejected for the following reasons. 	Attack through a 
secondary carbon atom is more sterically hindered than attack 
through a primary, in the first mechanism the two a carbon 
atoms would be brought in contact with the surface oxygen 
ions. Furthermore, the donor reaction produces a carbonium 
ion, which for but-l-ene would be on the primary carbon atom. 
The but-2-enes would produce a secondary carbonium ion and, 
this being 93 kJmol 	(92) more stable than the primary, one 
would expect the cis:trans-but-2-ene conversion to be faster 
than the double bond shift reaction, whereas the reverse is 
true. Therefore, attack proceeds through the primary carbon 
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atom. 
The mechanism for the but-i-one to cis-but-2-ene 
conversion is illustrated in figure 8.1. 	With but-i-one as 
the starting material the attack proceeds through C 1 to form 
a a bond to a titanium ions 	This forms a secondary carboniu!n 
ion which Is partially stabilised by ionic interaction with a 
surface oxygen. 	Loss of a proton from this intermediate 
species to the surface is accompanied by double bond formation 
and the subsequent desorption of one of the three n-butenes. 
Rearrangement of the intermediate to produce an isobutyl 
carbonium Ion - and subsequently isobutene - is prohibited 
since it would involve the relatively unstable primary 
carbonium ion. 
This reaction path involves the attack of carbon on 
titanium and so It is to be expected that the C is also 
attracted to a neighbouring titanium ion, hence favouring the 
anti conformation of the molecule and accounting for the 
faster equilibration of, 
but-i-one = cis-but-2-ene 
with respect to, 
trans-but-2-ene = cis-but-2-ene 
and, 
trans-but-2-ene = but-i-one. 
The geometry of the Intermediate fits the geometry of the 
surface since the C 1 -C distance Is 09274 nm and the Ti-Ti 
distance on the (110) plane of rutile is 0296 urn, but there 













figure 8.1, the interconversion of but-1-ene and cis-but-2-
ene; large circles represent oxygen ions and small circles 
represent titanium ions 
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figure 6.3, the interconveraion of 30 -dimethy1but --1ene 








figure 8.49 isomerisation cf cyclopropane to yield propene 
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figure 86, the isomorisation of 1,2dimethy1cyc1opropane 
to yield 3-methylbut-1-efle. 
\ 
c 	 c—Jc -S - 
/C\ 





figure 8.7, the Isomerisatlon of 1,1-dimethy1cyc1oproPane 
to yield 2-methylbut-2-ene 
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not dominate the situation, however, since a similar angle 
strain is involved at the Ti-N bond of adsorbed ethylene 
diamine, and this molecule was strongly adsorbed and poisoned 
butene isomerisation. 	But the angle strain, plus the fact 
that the distance between the nitrogen atoms is only 0265 nm, 
probably accounts for the adsorption of this molecule only as 
a monodentate ].igand. The second nitrogen atom could not 
form a strong bond with the neighbouring titanium atom and 
would be easily displaced by an incoming butene molecule. 
The mechanism requires that trans-but-2-ene isomeris-
ation, though less activated than the isomerisation of the 
other two molecules, should also be poisoned in a similar 
manner - and this was found. The mechanism also accounts 
for the extent of deuterium exchange observed by Shannon 
when the isomerisat ion of butene was studied in the presence 
of deuterium oxide (89)(99). 
If the neighbouring site to the titanium ion is 
blocked then the cis- preference for the isomerlsation of 
but-1-ene should be lost, and this was found at high coverages 
of hydrogen cyanide, hydrogen chloride and undesorbed water. 
Hydrogen chloride activated rutile without any apparent 
change to the mechanism. 	Therefore, the function of this 
molecule was to increase the Lewis acidity of the catalyst, 
probably by an induction effect. 	A similar conclusion was 
drawn by Tanaka and Ogasawara (51) who found that adsorbed 
hydrogen chloride activated alumina towards butene 
isomerisation without a major change in the mechanism. 
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Tracer studies by the authors showed that, although the 
activated reaction did involve exchange of the proton of 
hydrogen chloride, It did not do so exclusively. 	In the 
present work the conclusion that activation was due to 
increased Lewis acidity and not to an imposed Brnsted 
acidity was confirmed by the experiment with adsorbed 
chlorine. 	The chlorine activated the catalyst in a similar 
manner to hydrogen chloride but it could not have introduced 
Br4$nsted sites. 
In so far as the investigations were pursued In 
chapter 6, the catalysis of alkylcyclopropane isomerisation 
and 2,3 -  and 3,3-dimethylbut-l-OflO Isomerisation was shown to 
involve the same active site as that of butene isomerisatlon. 
All of the reactions were poisoned in a similar manner by 
adsorbed water and they were activated by hydrogen chloride. 
In particular, 3,3-dimethylbut-l-Ofle isomerisation had a 
similar poisoning pattern, figure 6.12. 	It follows that a 
similar mechanism should apply, and proceeding in the same 
manner as for butene isomerisation, with initial attack of a 
primary carbon atom on the active site, the reaction paths 
shown In figures 8.2-8.7 are derived. The relative activity 
of the butenes was: 2,3-dimethyibut-l-efle > 3,3-dimethylbut-
1-one > but-l--one, and this is accounted for by the mechanisms 
shown. The rate controlling step is the formation of the 
carbonium ion, and for but-i-one this is a secondary carbonlum 
Ion, a to the adsorbed atom (figure 8.1). 	A similar inter- 
mediate is formed from 3,3-dimethylbut-1-efle (figure 8.3) but 
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the carbonium ion is a to a quarternary carbon atom and 
receives added stability from the electron donating properties 
of this moiety. 	2,3-dimethylbut-1-efle forms a tertiary 
carboniuin ion in the a position, and Evans (92) has shown that 
the stability of this species over the secondary ion corres-
ponds to 93 kJmol 1 . Hence this reaction was too fast to 
measure accurately, even at 250K. 
The relative activity of the cyolopropafles was: 
1,1-dimothylcyclOPrOPafle > 1,2_dimethylcyclopropafle > methyl-
cyclopropane > cyclopropaflo. 	Cyclopropane could only form 
a primary carbonlum ion 0 to the adsorbed atom (figure 8.4) and 
so the molecule was only observed to isomerise at a high 
temperature. 	IIethylcyclopropano isomerised rapidly at 420K 
and it proceeds through a secondary carboniutn ion in the a 
position (figure 8.5). 	1,2_dimethylcyalOPrOPafle isomerises 
through a secondary carbonium ion in the a position, and is 
stabilised by a tertiary carbon atom, 	And finally, the 
tertiary carbonlum ion of 1,1_dlmethylcyelOPropane (figure 
8.7) enabled fast reaction to be observed at room temperature. 
8.3 A GENERAL INTERPRETATION OF CATALYTIC I;IECHANISM ON RUT ILE 
The reactions that have been observed to occur over 
rutile are listed in table 8.1 in order of decreasing activity 
Most of the olefin reactions observed below 473K have already 
been accounted for (section 8.2) in terms of the interaction 
between the molecules and a surface titanium site which 
acted as a Lewis acid. 	For almost all reaction mechanisms, 
including that put forward here, the movement of hydrogen 
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atoms in the reacting molecules should enable deuterium 
exchange to occur, provided a plentiful supply of deuterium 
is available on the surface - and deuterium exchange was 
indeed observed In the presence of D20. 	It did not occur 
in the presence of D2 , but this can be readily attributed to 
the fact that rutile is not activated towards H 2-D2 exchange 
until 523K (table 8.1). 	On a simple Interpretation, the 
activation of D2 should be rate controlling in the exchange 
reactions of olefins, but this is clearly not the case. 
Although the H2 -D2 reaction Is readily followed at 523K, 
olefin-D2 exchange does not occur at a significant rate until 
573K. A fundamental change in the nature of the catalyst 
must occur between 473K and 523K to account for this fact. 
The high temperature reactions over rutile (i.e. those 
observed above 570K) have generally been explained in terms 
of a base catalysed reaction. 	Gonzalez and Munuera (35) 
found that the rate of formic acid decomposition was the 
same as the rate of condensation of surface hydroxyl groups, 
and could be followed at 623K. They proposed that the 
reaction was centred on a surface oxygen formed from hydroxyl 
condensation. 	Dissociative adsorption of formic acid on to 
this strained species would form a surface formate plus a 
hydr.oyl group,, and the subsequent condensation constituted 
a slow step. 	Lake and Kembal]. (109) proposed that o1ein-D2 
exchange proceeded, either by the loss of a hydrogen atom or 
of a proton, to yield an allylic radical or a carbaniofl, 
respectively. 	The latter mechanism is essentially a base 
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catalysed reaction and would require a species such as the 
strained surface oxygen ion to promote it. 	Furthermore, 
it was shown in chapter 4 that the condensation of hydroxyl 
groups to produce strained surface oxygen ions occurred on 
rutile, CL/D 412, with a significant rate at 523K; and this 
has been observed by other workers, Munuera and Stone (45), 
Gonzalez and Munuera (35), and Jones and Hockey (46). 	The 
co-incidence of the production of strained oxygen ions at 
the same temperature at which the exchange of H 2 with 
can be observed suggests that the reaction occurs on oxygen 
sites. 	From the present evidence, therefore, it is likely 
that those reactions observed to occur over rut lie below 473K 
do so by interaction with a Lewis acid site, but at higher 
temperatures the surface oxygen ions become catalytically 
active and reactions proceed on these sites via a base 
catalysed mechanism. 
Within the limits of the present study it was not 
possible to carry out a detailed investigation in order to 
test this conclusion; but it is supported by the experiment 
in which the H2 -D2 reaction was followed on rutile treated 
with hydrogen chloride. The reaction was severely poisoned 
as was predicted for the base catalysed mechanism. 
Table 8.1. Reactions catalysed by rutile - listed in 
order of decreasing activity. 
Reaction k Catalyst and 
(molecules experimental observations:  
2,3-dimethy].but-1-efle - CL/D 412, reaction too 
isomerisation fast to be followed 
accurately at 250K 
acetone-D20 exchange 10 ° CL/D 34 
at 323K  
1,1-dimethylcyclo- 10  CL/D 412 
propane isomeri- at 323K 
sat ion 
1,2-dimethylcyolo- 10133 CL/D 1412 
propane at 323K 
isomer isat ion 
acetone condensation 10 CL/D 34 
at 373K  
3,3-dimethylbut-l-eflG 10157 CL/D 412 
isomerisation at 423K 
but-l-ene 10155 CL/D 412 
Isomerisation at 423K 
methylcyclopropane 1014-6 CL/D 412 
isomerisation at 423K  
cis-but-2-ene 10 14.5 CL/D 412 
isomerisatlon at 423K 
trans-but-2-ene 10' CL/D 412 
isomerisation at 423K 
isobutene-D20 CL/) 412 
exchange at 423K 
cyclopentadlene-D20 1014 
04 
 CL/) 412 
exchange at 458K 
i-bubene-D20 - CL/D 314., observed 
exchange at 492K 
2-D 20exchange 101 CL/D 314. 
at 523K  
22 exchange 	 1014 8 CL/D 34 
at 523K - 	 - 
Table 8.1 (Contd.) 
Reaction (molecules Catalyst and experl- 
mental observations 
butadiene hydrogenation 10147  CL/D 1412 
at523 
isopropanol io' CL/D 34 
decomposition - at 523K  
formic acid ref. 	(36) observed at 
decomposition  623K 
tsobutene-D2 exchange 1 15 ' 3 CL/D 1412 
at 673K  
propylene-D2 0 1015'2 CL/D 34 
exchange of first five at 673K 
hydrogen atoms 
propylone-D2 exchange io15 2 CL/D 3L. 
of first five at 673K 
hydrogen atoms  
m-xylene ring-D2 10150 CL/D 34 
exchange at 673K  
toluene-D2 exchange CL/D 34 
at 673K  
benzene-D2O exchange iO' CL/D 34 
at 673K  
benzene-D2 exchange 1014'5 CL/D 314 
at 673K  
m-xylene (side groups) 1011'5 CL/I) 34 
-D2 exchange at 67 ,  3K - 
ethylene-D2 exchange 10' 3 CL/D 34 
at 673K  
ethylene-D2 addition lO CL/D 34 
at 673K  
propane-D2 exchange 1013-6  cL/D 34 
at 673K  
propylene-D2 addition 10131 Ct/D 34 
at 673K  
propylene-D 	exchange of 10130 CL/D 34 
bydogen sixth 	 atom 673K  
isobutene-H2 addition 1012 7 CL/D 314.  
at 673K 
The data has been extracted from the work presented in 
this thesis, the collection of data in Appendix A s and also 
the work of Gonzalez and Munuera (36). 
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SUGGESTIONS FOR FURTHER STUDY 
The present study of surface hydroxyl groups by 
deuterium exchange was largely exploratory and therefore full 
advantage was not taken of the very great accuracy which could 
have been achieved. The results compare in accuracy with 
the best previous measurements on rutile, which were made by 
Norimoto, Nagao and Tokuda (37) using adsorption studies. 
However, the accuracy of the deuterium exchange technique can 
be increased at least ten times by increasing the size of the 
sample under investigation. The main factor limiting the 
quantity of material that can be studied is the need for a 
uniform outgassing temperature over the whole sample bed. 
But an Improved design of furnace and reaction vessel would 
permit samples of at least 15 g to be maintained within 2K 
of the chosen temperature. 	The operator is recommended to 
use an oil or a fluidized sand bath to obtain uniform temper-
ature control; and also a wide reaction vessel, so that the 
material at the bottom 18 efficiently outgassed. 	Of 
secondary importance to the accuracy of the technique is the 
conversion of the gas phase mixture to only a low percentage 
concentration of H2 . The concentration of hydrogen produced 
in the gas phase is measured twice as accurately with the HD 
peak as it is with the.H 2 ; and at high conversion the extent 
of exchange corresponding to a given surface hydroxyl 
population is relatively smaller. 	Therefore, the operator 
should choose a high enough initial pressure of deuterium to 
ensure that most of the exchange reaction is measured with 
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respect to HD. 
The author suggests that the most productive study on 
rutile would involve outgassing a series of preparations in 
the temperature range 273-423K with measurements of each 
preparation at 10K intervals. 	This would provide far more 
accurate data of water contents than that existing in the 
literature, and it would throw considerable light on surface 
structure. A detailed study of the hydroxyl populations of 
rutile outgassed at temperatures higher than 423K would also 
be of interest. 	In parallel with these studies the operator 
may wish to compare the exchange kinetics of water remaining 
on the surface after outgassing with those of water adsorbed 
on the surface just prior to reaction. The information of 
surface structure that can be derived from the kinetic analysis 
of exchange on rutile is limited because of the high temper-
ature required for the reaction, but other oxides may be more 
amenable to this type of study. 
The second part of the present work was largely concerned 
with catalyst poisoning studies, but the important aspect was 
not that the catalyst was poisoned but that it was pretreated 
by a reagent which would produce a controlled change of the 
surface. The effect that this had on the reaction provided 
information relating to the reaction mechanism. 	In pursuing 
this technique, the operator should examine the literature 
for reagents which have a well established effect on the 
surface structure. 	Of special interest in this respect is 
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the reaction of carbon tetrachloride with rut 118 studied by 
Primet at al. (54) and it would be of interest to study the 
catalytic properties of rutile pretreated with this reagent. 
It was concluded from the present study that low 
temperature reactions on rutile (observed at less than 473K) 
occur via Lewis acid sites, and from a consideration of the 
literature it was suggested that high temperature reactions 
occur on Lewis base sites. 	One of the most valuable catalytic 
studies of rutile would be to test this latter point. 	It is 
a difficult problem to tackle, however. 	In the present study 
it was attempted by treating the catalyst with hydrogen 
chloride prior to a hydrogen deuterium exchange, but 
hydrogen chloride is such a drastic reagent when used at 
high temperatures that its effect is uncertain and the success 
of the experiment may only be apparent. The reactions of 
isobutene on rutilo may provide an alternative approach. 
It is anomalous in its behaviour since its exchange reactions 
with deuterium can be observed with a measurable rate at 
relatively low temperatures (100) and at high temperatures 
(109). 	In the present work the isomorisation of isobutene 
could only be followed at high temperatures (circa 473 1C), 
and this fitted the interpretation given above since on a Lewis 
acid site, isomerisation would require the formation of a 
primary carbonium ion, and this would not be observed at low 
temperatures. A detailed examination of the reactions of 
this molecule - particularly its isomerisation - should 
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prove to be a profitable field for further study. 	Other 
reactions which would require the formation of a primary 
carbonium ion if they proceeded via a Lewis acid site 
should also be studied. 
APPENDIX A 	
L UC 
A COLLECTION OF THE KINETIC PARAMETERS Q 
REACTIONS CATALYSED BY RUTILE, AND DETERMINED 
In this section of the thesis the kinetic parameters 
obtained by the above authors have been collected and 
converted to S.I. units. 	Some of Lake's published values 
for pre-exponential factors are in error (111) and only 
the corrected values, marked with , are quoted here. 
A descriptive summary of these reactions is given in the 
literature survey, section 1 .Lj., and a general discussion 
of the catalytic properties of rutile is given in chapter 8. 
The data has been extracted from the following 
references (89) (98) (99) (100) (109) (111), and where 
necessary the authors 	are referred to as: 
I.J.S. LAKE 	(L) 
I.R. SHANNON (s) 
D.C. MUNRO 	(M) 
B. I.BROOKES (B) 
In the list of rutile preparations and the reactions studied 
on them, "calci" represents calcination temperature and 
"pre" represents the preparation - either by the sulphate 
process, S, or by the chloride process, Cl. 
THE PREPARATIONS OF RUTILE AND THE REACTIONS STUDIED ON THEM 
code: CL/D 34 [also Ti02 (I),(S)]; prep' : Cl; ca1c : 723K; 
area : 13.4 m21 . 
Exchange  of the following ketones with deuterium oxide 
acetone, methyl ethyl ketone, methyl isopropyl ketone,. mesity 
oxide, cyclopentanone (L). 	
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Condensation of acetone (L) 
Decomposition of isopropanol (L) 
Exchange with deuterium of: ethylene, propene, 
isobutene, propane, benzene, toluene, and m-xylene (L) 
and of but-I-ene (S)0 
Exchange with deuterium oxide of the following 
hydrocarbons: propene, benzene, toluene, and m-xylene (L). 
Hydrogenation of: ethylene, propene, isobutene (L), 
also of butadiene (L) (s) and of but-1 -erie (5). 
Dissappearance of butadiene on to the catalyst (s). 
Isomerisation of n-butenes (s). 
code: CL/D 412 [also T10 2 (ii), Cs)]; prep'? : Cl; calc'? 
698K ; area : 25 m 2g 	(B), 27.7 m 2g 	(s). 
Exchange with deuterium oxide of isobutene (m) and 
cyclopentadjene (s). 
Exchange with deuterium of isobutene (m) 
Isornerization of n-butenes (s). 
code: J.M.C.  435 [also Tb 2 (Ill), (s)]; prep - ; caic'? 
area: 3.6 m g 	(s). 
Isonierisatjon of n-butenes (s). 
CONVERSION FACTOR 
In order to convert a fractional or percentage Initial 
rate into an absolute rate in S. I. units it was necessary to 
note: 
the number of reactant molecules in the reaction vessel, N; an 
the area of the catalyst in the vessel. 
1814. 
The most complex conversion involves a rate quoted in, 
% min for a given mass of catalyst. In this circumstance 
one would operate with the following factors: 
N/ba x 60 x (mass in g) x (area per g) to obtain 
units of, molecules s m 2 . For ethylene reactions, Lake 
used a dose of 6.8 x 10 19 molecules for each reaction, but 
in all of his other studies there were 7.6 x 10 18 molecules 
of the reactant. The exact number of molecules used in the 
reactions studied by Shannon is uncertain and some of the 
Arrhenius plots (presented in figure A.1-5) could only be 
converted to absolute units by back-calculation from the 
tabulated parameters. Also, the concentration of reactants 
and catalysts used by Munro is not known, but from a pre-
exponential factor quoted in molecules s cm-2 , the number 
21 of molecules was calculated to be 2.0 x 10. This value 
is too large by a factor of about 100, and it is suggested 
that the pre-exponential factor is in error by this amount. 
PRESENZATIOlq OF DATA 
The following is a collection of tables and other 
rate data presented by the authors and cnverted to 
absolute parameters in S.I. units. An attempt at order 
has been made in that the reactions are listed with respect 
to the increasing temperatures at which they were observed; 
but the reader is referred to table 8.1 for a full and 
accurate correlation of the reactivities. 
table A1, numbers of reactive hydrogen atoms, fl, rates 
of reaction at-313K and Arrhenius parameters for the 
exchange of ketones with D 2 0 (109) (L) 
compound n t 	at 313K E log [Ax 
(10 	molecules (kjmol 	) (molecules 





acetone 6 2.9 105 .+. 	3 32.0 + 1.2 
methyl ethyl 5 3.6 100 	3 31.3 	. 1.5 
ketone 
methyl isopropyl L. 4.3 111 	+ 3 33.2 + 1.2 
ketone 
mesiti 	oxide 9 2.3 105 ± 3 31.9 + 1.2 
cyclopentanone L. 29 97 + 2 31.7 + 0.6 'xi 
The zero order rate of condensation of acetone on CL/D 
34 at 373K was, 
0.53 x 1014  molecules 	m 	[(L) (98) p.1031 
The rate of isomerisation of but-I -ene on CL/D 34 
was found to be, 
r = 1021 .1  e.xp (-50,000/RT) molecules s 	m, and of 
cis-but--2-ene it was, 
r = 1021.8 exp (-61,000/RT) molecules s 	m 2 . 
The rate of isomerisation of but-I -ene reactions 
over CL/D L.I 2 was, 
r = 1028 ° 5 exp (-100,000/RT) molecules s 	m 2 and of cis- 
but-2-ene, 
r = i25.7 exp (-89 9 000/RT) molecules s 	-2 
The rate of isomerisation of but-i -ene over J.M.C. 
1435 was, 
r = .1 029.4 exp (-11 2, OOO/RT-) molecules s • n1 2 . 
All data after: (s), (89) pp 111 and 112, also (99) p 2766. 
EXCHANGE OF ISOBUTENE WITH DEUTERIUM OXIDE 
The rate of exchange of isobutene with D 2  0 on CL/D 
412 was given by, 
r = 1026 	exp (81,1400 /RT) molecules s 	m 2 but note the 
calculation mentioned in the section on conversion factors 
which suggests that the pre-exponential factor should be 10 24-4  
molecules s 	m 2 . 
EXCHANGE OF CYCLOPENTADIENE WITH DEUTERIUM OXIDE 
This reaction was not well-behaved but the rate at 
1458K over CL/D 1412 was, 
r = 2.5 x 101  molecules s 	m 2 . 
(5) (89) p1 25. 
EQUILIBRATION OF H 2 AND D2 , AND OF H 2 AND 1)20 
The reactions were studied on CL/D 314 and obeyed the 
following relationships, 
H 2 + D2 : r = 10225 	 1 exp (-77,000/RT) molecules s 	m2  
H2 + D2  : r = 10220  exp (-71,000/RT) molecules s 1 m 2  
(L), (98) p.75, (109) 
DECOMPOSITION OF ISOPROPANOL 
The dehydration of isopropanol on CL/D 314 obeyed the 
relationship, 
r = 2.5 x 1027 exp (-120,000/RT) molecules 	m. 
The rate of reaction at 523K was 2.1 x 10 molecules 
M-2 . (L) (98) 
EXCHANGE AND ADDITION REACTIONS OF HYDROCARBONS 
The kinetic parameters for the reactions of hydrocarbons 
are given in table A.2. All of the reactions were on CL/D 34 
except those of the n-butenes, and those of isobutene 
plus D20, which were carried out on CL/D 41 2. 
The data in this table Is taken from: 
 pp 65, 	73, 	714; (109) pp 25389 	25140; 	(89) pp 116, 	113; 
 PP 2765, 2766;  and 	(111) 
table A.2, initial rates at 673K and Arrhenius parameters. 
reaction k at 673K E log [ A x 
IS -1 ( 10  14 molecules (kJmol' )_1 (molecules s m 21 m 2 ) } 
(L) ethylene + 
D2 exchange 2.0 78.3 3.3 20.14 4 0.6 
(L) ethylene + 
D2 addition 1.2 22,6+1.7 15.8+o.2 
(L) propene + 
D 	exchange 11 15,8 81.6 + 5.14 21.5 t 0.6 
first five atoms 
(L) sixth hydrogen 
atom 0,1 67.14 + 	14.2 18.2 1.Q 
(L) propene + 
addition 0.13 614.9 + 14.6 18.2 ± 0.7 
(L) leobutene + 
D2 exchange 18.2 99.6 + 3.3 23.0 ± 0. 
(L) isobutene + 
H2 addition 0.05 63.6 + 14.6 17.6 t 0.7 
(L) propene + 17.0 
F 
87.9 ... 	5.0 22.0 1.1 
D0; exchange of 
five first 	atoms 
(M) 
U a ;ge 13,000 81.4  24.4 D20; exch 
(s) but-I -ene + observed 
D2 ; exchange at 492K - - 
(3) but-i -ene + observed 
D20; exchange at 492K - - 
(S)butadiene + 	 1 50.0 97.0 23.2 
addition 
(L) butadiene + D20; 0.34 at 
exchange 523K - - 
(L) propane + 0.40 - - 
exchange 
(L) benzene + D2 ; 3.3 75.7 + 1.3 20.4 + 0.2 
exchange 
(L) toluene + 6.9 51.9 + 	2.1 1 9.0 0.6 exchange 
(L) m-xylene ring 10.5 77.8 + 4.2 21.1 1.2; 
+ D2 ; exchange 
(L) m-xylene side 3.2 56.9 + 4.2 19.0 2.0 
groups + 
exchange 
(L) benzene + 3.3 66.5 + 4.2 19.0 + 0.4 
D20; exchange 
The rate of exchange of the hydroxyl groups of CL/D 34, 
outgassed at 723K, with D2 at 723K, obeyed the relationship, 
r = 22.8 exp-(110,000/RT) atoms s m 2 and the exchange 
reaction within benzene fitted the equation, 
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'VT (10'3i"1'1 
figure A01 9 Arrhenlus plots for the exchange of ketones with 
heavy water: o , acetone; o, methyl ethyl ketone; a, methyl 
isopropyl ketone 0, mesityl oxid.e;v , cyclopentanone; all on 














2.2 	 2.14. 	 2,6 	 2.8 
f/T (iof11 
figure A.2, Arrhenius plots for the isomerlsatlon of but-i•-
ene on: o,CL/D 34 9 (S); ,CL/D 412,(S); O,J.M.C. 435,(S);for 
the exchange of cyclopentadiene with D20 on CL/D 412 (S),A; 
and for the condensation of acetone on Cl/D 34 (L),ø; 
1, probable position of the Arrhenius plot for 



































1.4 	1.5 	1.6 	1.7 	1.6 	1.9 
1/T (1o 3K 11 
figure A.3, Arrhenius plots for the reactions of the olefins 
with D2 ; exchange: o, ethylene; A ., propene first five H atoms;c 
propene sixth H atom; 0 , isobutene; all on CL/D 34 (L); 
addition: @ , ethylene; A ,propene; a , isobutene;al]. on 
CL/D 34 (L); 10 , butadiene,CL/D 34 (3); i, butadiene,CL/D 14.12 
(s); 






1.4 	1.5 	1.6 	1.7 	1.8 	1.9 
-VT (io 3iC 1 ) - ' 
figure A.Li., Arrhenius plots for the exchange of the alkyl 
benzenes: 0, benzene; & , toluene; Q, m-xylene ring; n, m-xyl-













i.Li. 	1.5 	1.6 	1.7 	1.8 	1.9 
i/T (io3iC1)—' 
figure A.5, Arrhenius plots for various reactions: , 
o, 112+D20; o, C 6M6+D2 ; e, C 6li6+D20; A. surface OH-i-D2 ; r, 
surface OD+C 6H6; on CL/D 3)4 (L) 
The calculation uses the equality: 
number of hydrogen atoms number of hydrogen atoms 
at beginning of reaction = at end of reaction 
	
(I) 
which is true for the contents of the reaction vessel 
provided one ignores losses through the mass spectrometer 
leak. 
The number of molecules for a given pressure of gas is 
obtained from the ideal gas equation: 
P V N 	 V  
= PZ, where Z=T° 
R  
Therefore, for hydrogen the number of atoms = 2PZ. 
From equation I, and assuming that hydrogen is not adsorbed 
onto or desorbed from the catalyst: 
2 PH,jZ+P HD, IZ+a= 2 PH C Z+PHD,e Z+ 
a (2 P ff2 ,e + HD,e 
2P 
Toe 
where P = pressure of gas; subscript I indicates the 
initial measurement at room temperature; subscript S 
indicates the final measurement at room temperature; 
subscript T indicates the measurement of the total gas 
pressure 	
= PH 2 + HD + 2 D 	and a = number of 
exchangeable hydrogen atoms on the sample Initially. 
(II) 
1' 
The above equation assumes no adsorption or 
--" 	If there has been a pressure change during 
the reaction owing to loss of D to the solid or evolution 
of H from it, then a  does not equal a 1 . 	If for example, 
the pressure increased owing to desorption then a   must 
equal x1 minus the number of H atoms that desorbed. From 
equation (I): 
2P H2 , Z  + HD,i Z + a = 2H2,e Z + HD,e Z + 
[a_2Z(PT, e _PT .)] (2P 	+ H2 , 
2 
on rearrangement this gives: 
Z+P all _( 2P 	 = P H,e  + HD e )/2 	2P H2,e 	HD,e Z - 2H2,I 	- 
HD,i 	- 2T,e - PT,i 2I'H2 ,e + r'HD,e) 
2P Te 
hence: 
a = 2Z[(2P 	+ HD,e'T,1 - (2PH21 + HD,1 112 so w 
1'HD,e + 2D2,e 	 (III) 
If, prior to an experiment there, is a significant amount of 
the deuterium Isotope in the surface hydrogen, so that a 
fraction, 1, is H and the remainder 1-I, is D, equation (II) 
should be written: 
2P H 
29  1 Z + HD,i Z + la = 2H20 Z + 1HD,e Z + 
[a_2Z(PT,e._PT .)] (2P 	+ 
2P T,e 
hence: 
a = 2Z [(2P 
I1  
.. 	+ P 	) P 	- (2P1 + HD,j 	T,e 11 29 ''' 
	
21PD,e + (21-1 P HD, + (21 - 2) e 	 H2, e 	
(Iv) 
and the numerator is the same as in equation (III). 
The general equation (iv) is not often used as the surface 
is usually more then 99% H. 
charge, i.e., PTpi = 
The equation for no pressure 
is: 
a=2Zt( 2PH,€ + PHi,e) 	2 H29 i + HD9 1 1 T,e 
HD,e 	+ 	2P D 2 Pe 
	 (v) 
and this is equivalent to equation 2.7 in chapter 2. 
The nature of the pressure change m91  to 	has .L 
surprising consequences for equation (iii). Suppose the 
measured pressure change was only an error in calibration 
and the pressure was really unchanged. Then the final 
pressures would have to be corrected by the factor P 
To, i 	.,e 
The effect of this can be seen if one takes PTe  outside , 
the bracket In equation (III): 
a = 2Z[(2PH,e + HD,e 	T.,i'T,e 	( 2PH,1 + PHD,i)l PT,e 
+ 2P 	) D2 ,e 
Correcting by the factor 	 has no effect on equationTjJ 
(III) because there are Pe terms In all of the numerators and 
denominators of this expression and so the correction terms 
cancel throughout. Thus no matter what the cause of the 
observed pressure change, P T,i 	. m 
to 	e the same equation 
, 
is used to calculate 'a'. 
.L'1 
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